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ABSTRACT

Fundamental pore formation mechanisms in iron ore sinter and
pellets were investigated. The study w a s first conducted with tablets
m a d e from iron ore and limestone particles, with and without addition of
coke, and the results were then tested and proved in real pellets m a d e
with a laboratory ball mill and in real sinter m a d e with a sintering pot. It
w a s found that pores were formed at sites of limestone and coke
particles and that a number of factors had a significant influence on the
pore formation and the final pore structure, such as limestone particle
size, coke particle size, iron ore particle size, amount of limestone,
temperature and initial porosity, etc. It w a s also found that the air flow
through the sintering bed w a s very unlikely to cause any pores to form
in sinter. Different types of pores were classified in terms of their
origins. The results have shown that an open or close to open pore
structure m a y be achieved by controlling the temperature and using
proper amounts and particle sizes of limestone, coke and probably
other additives.

The results have also shown that porosity and

limestone particle size had a strong effect on reducibility and it might be
possible to achieve high reducibility and high strength simultaneously
with an open or close to open pore structure at low porosity. The results
of the present work are useful in understanding the iron ore sintering
and pelletizing processes and in improving the quality.
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CHAPTER 1.
INTRODUCTION

1.1 Brief description of iron ore sintering and pelletizing processes

There are numerous papers in the literature which deal with
sintering and pelletizing processes. Here only a brief description is
given.

1.1.1 Development of sinter and pellets

To run a blast furnace properly and economically, the burden must
be of high quality [1]. O n e of the most important requirements for the
burden is that its iron content should be as high as practicably possible.
Beneficiation processes have been developed to raise the level of iron
content in low-grade iron ores, which had to be utilised as the deposits
of natural high-grade iron ores have b e c o m e depleted with the
development of the iron and steel industry [2,3]. Also the fine fractions of
high-grade iron ore produced during mining need to be used due to the
lack of supply of high-grade lump ores. But the concentrates and the
fine fractions of high-grade iron ore produced during mining are too fine
to be used directly in a blast furnace [4,5], as they would cause
difficulties in the operation of the blast furnace.

Consequently,

briquetting, sintering and pelletizing processes were developed to
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agglomerate such fine materials. The products of such processes, i.e.
briquettes, sinter and pellets also have advantages over the natural
lump iron ores, as s o m e of the harmful elements in the ores could be
eliminated in these processes [1,4]. A m o n g the three agglomerating
processes, briquetting, though the simplest and oldest process, could
not make headway due to its relatively high processing cost and limited
production capacity [4,63]. Both sintering process and pelletizing
process, the latter being newer, however, have had rapid development.
The tonnages of world production of both sinter and pellets, and their
proportions in the burden to blast furnaces, have steadily increased
over the years [4,7,14]. And both sinter and pellets have m a d e
considerable improvement of blast furnace performance. Though
individual furnaces are likely to operate with a predominance of either
sinter or pellets in the m a k e up of their charge for various reasons,
overall, lump ores.sinter and pellets are used in proportions of 1:2:1 in
blast furnace burdens [14].

1.1.2 Sintering process

Sintering of iron ore is a process [5,6,8] in which air is drawn down
through a bed of raw mixture of iron ore, limestone, coke and other
minor additives. The iron ore m a y be natural ore, which usually has a
particle size up to 1 0 m m , or concentrate which is very fine with a
particle size usually less than 150^m and -44u.m over 5 0 % . The raw
mixture is usually granulated first before being charged onto the strand
to improve the permeability of the sintering bed for high productivity. In
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operation, the coke particles on the top surface layer are ignited first
and then the combustion front proceeds gradually d o w n through the
bed until the end is reached. The temperature of the sintering process is
mainly controlled by combustion of coke particles. During the process,
there are different zones in the bed, namely sinter product zone,
combustion zone, drying and preheating zone and wet zone. In the
combustion zone, liquid phase is formed between iron ore, limestone
and other elements, and the unreacted iron ore particles are bonded
together by the liquid. The final product is a porous solid material with a
certain strength.

1.1.3 Pelletizing process

The pelletizing process includes the following steps.

(1) Raw materials preparation

In addition to iron ore, limestone, dolomite, bentonite, etc., are
added to either increase the strength of green pellets or to adjust
the chemical and physical properties of the product. These raw
materials used for pelletizing are ground to fine particles usually
with the fraction of -44u.m being between 5 0 % to 1 0 0 % [9,10].

(2)

Balling
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The raw mix is rolled with the addition of a wetting agent,
usually water, in suitable devices such as drums and discs. In this
way, wet balls, i.e. the green pellets with a certain strength, are
formed.

(3) Drying

During drying, the moisture contained in the green pellets is
evaporated by w a r m gas, the temperature of which is kept
relatively low.

(4) Induration

During induration at high temperature, the iron ore particles
are bonded together and the pellets thus attain a quite high
strength.

It is generally believed that there are mainly two thermal
bonding mechanisms in pellets during induration [11,12].

a) Iron ore particles are bridged (connected) together by
solid state diffusion accompanied

by either crystal

transformation and growth upon oxidation of magnetite to
hematite or by crystal growth alone w h e n hematite is used
only.
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Iron ore particles are connected by liquid phase formed
by the reaction between iron ore particles and gangue
components in ore or in the additives, and, between the
gangue components themselves.

Which mechanism is dominant depends on the
constituents of the raw mix, i.e. the amount of gangue
components. The induration temperature and time also
depend on the constituents of raw mix and the required
strength.

1.2 Improvement of the quality of iron ore sinter and pellets

1.2.1 Quality requirements

The most important properties of sinter and pellets from blast
furnace point of view are [ 1,13,14,15]
(1) iron content,

(2) strength,

(3) reduction degradation index (RDI),

(4) swelling index of pellets during reduction,
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(5) reducibility,

(6) high temperature properties.

It is always desirable to have a high content of iron, high strength,
low reduction degradation, low swelling, high reducibility and high
softening and melting temperatures. A m o n g these properties iron
content mainly depends on the iron ore used and others could be
improved during sintering or pelletizing processes.

1.2.2 Improvement of quality by changing mineral constituents

It is generally accepted that the properties of iron ore sinter and
pellets are related to the mineral constituents [ 6,16,54,69]. A number of
researchers investigated the formation of mineral phases in sinter and
pellets [17-21] and the individual properties of these minerals [22-26].
The results appeared to show that the reducibility of s o m e minerals
descend in the following order:

Fe203, Ca0.2Fe203, CaO.Fe203, 2CaO.Fe203, Fe304, glass
phases.

It was reported that the morphology of the mineral phases also had
an influence on properties, e.g. accicular calcium ferrite seemed to have
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better reducibility [25] and strength [23] than large columnar (prismatic)
calcium ferrite. The amount of liquid phase w a s found to have a strong
influence on strength and reducibility [1,13,16,23]. It was commonly
believed [26,27] that the transformation of (}2CaO.Si0 2 to <x2CaO.Si0 2
during cooling could cause degradation due to the volume increase
accompanying the transformation.

The reduction degradation of sinter and pellets was found to be
caused by the crystalline transformation of F e 2 0 3 to F e 3 0 4 ,
accompanied by a volume expansion [13,28,29,30] and consequently
the extent of reduction degradation w a s proportional to the amount of
hematite phase present [1,28]. It w a s reported that the "skeletal
rhombohedral hematite" had a particularly detrimental effect on the
reduction degradation behaviour [23].
Because of the strong influence of the mineral phases on the
properties, extensive and useful work has been done to try to produce
sinter and pellets with proper mineral constituents by changing various
process parameters such as chemical composition of raw mix,
temperature, coke ratio, etc. A few examples are given below.

Many authors found that basicity (CaO/Si02) or (CaO+
MgO)/(AI 2 0 3 + Si0 2 ) had a strong influence on the mineral constituents
of the product and therefore on the properties [23,26,31,32,33]. By
using proper basicity the desired mineral constituents could be
produced and the strength, reducibility, reduction degradation, swelling,
high temperature properties and so forth could all be improved
successfully.
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It w a s found that addition of M g O could decrease the amount of
hematite phase in the product as the dissolution of M g O into magnetite
m a d e the magnetite more stable and prevented it from being oxidised to
hematite during cooling, and therefore effectively suppressing reduction
degradation [18,34,35].

Addition of MgO could also improve the high temperature
properties by raising the liquidus temperature and decreasing the
amount of melt formed [13,35].

1.2.3 Improvement of quality by changing pore structure

The structure of iron ore sinter and pellets may be divided into two
parts, 1) the mineral part, and 2) the pores. It is generally accepted that
pores also play an important role in influencing the properties of iron
ore sinter and pellets [36,37]. Pores provide diffusion path for reactant
gases and surface area for reaction. Without pores, as for any solid
fluid reaction, the reduction reaction can only occur through the exterior
surface and follow a shrinking core model [38], and the overall reaction
rate is usually low. Many researchers [39-42] found that reducibility was
increased with increasing porosity and the strength w a s increased with
decreasing porosity. This opposite role of porosity seemed to have
m a d e it difficult to produce a product having high strength and high
reducibility simultaneously. It w a s also reported that pores could have
an influence on reduction degradation [34,43,44].
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It should be pointed out that in most of the work carried out so far
on the effect of porosity on the properties, the change of porosity was
obtained by changing other processing parameters such as basicity,
amount of M g O , coke ratio, moisture content etc. [42-44], However, the
results were not convincing or were sometimes confusing or even
contradictory, as the mineral constituents were changed at the same
time.

For example, s o m e results [43] showed that reduction

degradation w a s decreased with increasing porosity, while some other
results [44] showed reduction degradation w a s increased with
increasing porosity.

S o m e of the results [42] even suggest that

reducibility decreased with increasing porosity.

Similarly, many of the published analyses on the effect of
processing parameters on the properties were often based only on the
change of the mineral constituents [26,33,45] without taking into
account the accompanied change of porosity. Such analyses were not
convincing or, at least, were inaccurate quantitatively and, not
surprisingly, contradictory results were often obtained.

This again showed the importance of the general rule that all other
parameters should be kept constant when investigating the effect of a
single parameter. But to do this, one must be able to manipulate all the
related parameters.

Hence, it becomes most necessary and important to be able to
control the porosity in order to elucidate precisely the effect of both
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mineral constitutes and porosity and the exact reasons for the influence
of various processing parameters on the properties of iron ore sinter
and pellets. Furthermore, it is believed to be important to clarify the
effect on the properties of all other characteristics of pores such as pore
size, dispersion of the pores, openness, shape and so forth, in addition
to porosity, and how to control them. But, first of all, how the pores are
formed, i.e. the pore formation mechanism in iron ore sinter and pellets,
must be clarified.

1.3 Pore formation process in iron ore sinter and pellets

There has been some work done on pore formation. It was
observed that the sintering bed underwent different shrinkages when
different iron ores were used [46]. Based on the result that the porosity
of sinter w a s proportional to the porosity of the iron ore used [46,47], it
w a s proposed that most of the pores which originated from the pores
and combined water in the ore were preserved in sinter. It w a s shown
that particle size of iron ore could have an influence on pore
characteristics in sinter [46]. It w a s stated that liquid phase had a strong
influence on the pore structure of sinter and pellets as it flowed into the
space between particles and into the holes and cavities of iron ore
particles [13,39]. Experimental results [64-67] have shown that sintering
temperature and time had a strong influence on the porosity of iron
oxide compacts. With increasing time or /and temperature, porosity
decreased significantly. It has also been shown that presence of liquid
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phase could accelerate sintering process of iron oxide compacts and
decrease the final porosity [68].

A number of workers [42,46,47,48]

found that the porosity of sinter w a s decreased with increasing coke
ratio and explained that this w a s due to the increased amount of melt
which caused shrinkage. The influence of the chemical composition of
raw mix on the porosity of sinter and pellets has been investigated
[42,43,46] and the results appeared to show that porosity decreased
with increasing either the basicity or the amount of S i 0 2 due to,
according to the authors, the increased amount of melt. Additionally, it
w a s stated that porosity w a s increased with increasing the amount of
M g O due to the decreased amount of melt. Efforts were m a d e to
increase the porosity of pellets by adding carbonaceous materials
[40,41] and the results showed that the porosity w a s increased
significantly with addition of sawdust, peat and lignite due to the
increased "voids created by either 1) gaseous evolution (bloating) or
2) decomposition of particles by combustion or reduction within the
pellets".

There seemed to be a belief that the air flow through the bed could
go through the melt (liquid phase) in the sintering zone, thus causing
pores to be formed, but there did not seem to be any experimental
evidence of this.

It can be seen from the above that some effort has been made to
understand the pore formation in iron ore sinter and pellets, but most of
the work w a s about the influence of processing parameters on the
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porosity of final product. The question of h o w the pores are actually
formed is not yet clear.

1.4 The aims of the present work

As shown above, both mineralogy and pores in iron ore sinter and
pellets are important as far as the quality is concerned and relatively
much more urgent work is required on the pores. It is believed that the
most important and primary work on the pores is to clarify how the pores
are formed, as only if the formation of the pores is well understood, it
may be possible to build a comprehensive (not limited) and sensible
quantitative relation between all related parameters and pore
characteristics and to control the pore structure for high quality product.

The aims of the present work are therefore designed as follows.

1. First of all, to clarify the fundamental pore formation
mechanism (or mechanisms) in iron ore sinter and pellets. This
part has been proved to be the most difficult and time-consuming
part.

2. To investigate qualitatively the effects of some factors on pore
formation and pore characteristics in final product.

3. To try to find out the optimum pore structure for high
reducibility and high strength and how to achieve it.

Chapter I Introduction

1-13

A s the first step, the preferential emphasis is given to exploring
s o m e fundamentally important p h e n o m e n a and it is hoped that the
results of the present work, essentially qualitative, would provide a
useful basis for further quantitative research in this field towards the
ultimate aim of establishing the optimum pore structure for high quality
product.
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CHAPTER 2.
EXPERIMENTAL

2.1 Experimental design

The experiments were designed to have mainly four parts:

A. Fundamental study of pore formation mechanisms with
tablets m a d e from only iron ore and limestone particles,
without the possible complexity caused by the presence of
too many other components, particularly coke.

B. Studies using tablets as above but with addition of coke
so as to study the effect of coke on pore formation.

C. A study of the pore formation in real pellets (made with a
laboratory ball mill) and in real sinter (made with a sintering
pot).

D. A study of the effect of pore structure on the property of
iron ore / limestone tablets.

2.2

R a w materials

Chapter! Experimental
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The raw materials used in the present work were hematite iron ore
(Mt N e w m a n ) , limestone and coke. Different particle sizes were used
for different sets of experiments. The compositions of all the different
size particles of iron ore used are given in Table 2.1. The composition of
limestone is also given in Table 2.1. The limestone used was very pure
with the C a C 0 3 content being about 9 7 % , and the difference in
composition between different size particles w a s negligible. The subsieve size(-45nm) limestone particles used were obtained with a
cyclosizer. The fixed carbon content of the coke was 8 9 % .

Table 2.1 Compositions of raw materials

Particle size

range
(Mm)

TFe

Si0 2

Al 2 03

CaO

MnO

MgO

P2O5

K2O

Ti02

59.8
61.3
61.7
62.5
61.1

9.1
6.0
5.8
5.1
6.1

3.2
3.1
3.0
2.5
3.1

.14
.32
.38
.22
.31

.04
.04
.04
.05
.04

.10
.05
.06
.05
.05

.08
.08
.08
.07
.08

.031
.033
.031
.030
.032

.20
.13
.11
.10
.11

.75

1.3

.45

54.4

.05

.60

.040

.12

.05

inean
(Mm)

Iron ore
-125
125-250
125-350
710-1000
-1000

limestone

2.3

188
238
855

Experimental procedure
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To avoid repeating, the details of the experiments, including the
properties of the raw materials used, are given in the relevant chapters.
Here only the experimental procedures used in parts A, B and D are
given as follows.

(1) Preparation of raw samples

The dry raw materials of desired proportions and particle
sizes, with water added, were mixed manually in a plastic cup. The
amount of water added varied slightly with particle size, being
lower when particle size w a s coarser to avoid slurry conditions, but
w a s in the range of 6 - 8 % of the total weight of dry material. The
mixture w a s then

compacted into tablets with a die set (Fig.2.1),

by a normal metallurgical specimen press. Before pressing the die
w a s held at a position such that it would not touch the base of the
lower punch during compaction. During compaction (the bottom
punch w a s pumped up), both the top and bottom punches actually
moved inwards relatively in the die due to the friction force
between the powder and the die, hence the total effect was the
s a m e as that achieved by pressing from both ends [49]. The
sample prepared by such a die set had a more uniform density
distribution along its height than that prepared by a single-end
press die, which w a s used at the early stage of the present work.

The porosity, or the sizes for a given weight, of a raw sample
(tablet) could be easily changed by changing the compacting
pressure. Different compacting pressures were used for the

14.40

Top punch

I

Sample

Bottom punch

Fig. 2.1. Diagram of the die set used for preparing tablets.

Sample
Temperature
controller
Thermocouple

Fig. 2.2. Diagram of the electrical tube furnace used for sintering.
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samples in s o m e sets of experiments in order that the raw samples
have porosities close to each other. The porosity of a raw sample
w a s determined by the following equation:
8° =1 - pb/pt
where,

pb is the bulk density of the sample, i.e. the ratio of the
sample weight and the sample volume, g/cm 3 , and the
sample volume w a s calculated from the sizes measured
with a micrometer,

pt =i/(Xf/ptf + Xc/ptc + Xck/ptck) is the true density of the
sample, g/cm3,

ptf, ptc and ptck are the true densities of the iron ore,
limestone and coke particles respectively, measured by
grinding the particles to -45 |im and using a density bottle
and kerosene ( A S T M c-188-44),

Xf, Xc and Xck are the proportions (i.e. amounts or weight
percentages) of iron ore, limestone and coke, respectively.

The samples were dried in a laboratory air oven before
sintering.

The sample weight (the weight of each tablet) for

different sets of experiments will be given in the relevant Sections,
but w a s 3.25g for most of the experiments. In the following, Df, D c
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and D c k will refer to the particle sizes of iron ore, limestone and
coke, respectively.

Sintering
All the samples, except those identified otherwise, were
sintered in an electrical tube furnace. S o m e of the sinterings
conducted in the tube furnace were actually repeat of those
conducted earlier in a normal muffle furnace. The temperature in
this tube furnace was more stable than that in the muffle furnace.

The diagram of the tube furnace is shown in Fig.2.2. The
inner diameter of the tube was 45 m m . The furnace temperature
(T) was measured with an accuracy of ±1°C by a bare-head
thermocouple (Pt .13% Rh-Pt) located inside the tube at the centre
of the uniform temperature zone, where the samples were held
during sintering. The thermocouple was regularly calibrated by a
self-reference thermocouple which had been calibrated by a
standard thermocouple.

The samples were supported by loops of thin KANTHAL wire
of 0.2mm in diameter (each tablet by one loop) and hung on a
frame m a d e from K A N T H A L wire of 1.15mm in diameter

and

were pushed directly to the uniform temperature zone. W h e n the
samples were pushed into the furnace, the furnace temperature
(which w a s pre-heated to the desired value, i.e. the set
temperature) dropped at first due to heat conduction to the
samples and the frame and then started rising in a very short
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period of time (about 10 seconds) to reach the set temperature in
about 2.5 minutes which was thereafter maintained steady.

In order to know how soon the samples could be heated up to
the furnace temperature, tests were conducted to measure the
temperature at the centre of the sample with a thin shielded
Chromel-Alumel thermocouple (the exterior diameter of the shield
was 1.5 m m ) , which w a s inserted inside the sample to its centre
through a hole having its end just at the centre of the sample. The
sample w a s m a d e from 85.5% iron ore (125-250u.m) and 14.5%
limestone (355-425u.m). The diameter, height and the weight of
the sample were 14.40 m m , 7.21 m m and 3.25 g respectively, i.e.
similar to most of the samples used in the present work. The
results showed that the temperature at the centre of the sample
reached the set furnace temperature (1265°C) in about 3.5
minutes. It could be expected that the surface temperature of the
sample would have reached the set furnace temperature earlier.
After this period of time, sintering might be regarded as having
been carried out isothermally.

As it was found that reaction between limestone and iron ore
particles and pore formation process had already occurred during
the heating period, the sintering time (t) which will be referred to in
the following means the time from the moment the sample was
pushed to the uniform temperature zone to the moment it was
taken out, i.e. it actually included the heating period.
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Reduction tests

When required, reduction tests were performed
thermogravimetrically at 900°C in pure C O . Under these
conditions there did not appear to be any problem associated with
carbon decomposition reaction, which usually takes place
significantly in the temperature range of 500 - 600°C [75]. The
diagram of the reduction test device, a typical system for studying
solid-gas reaction, is shown in Fig.2.3. The inner diameter of the
tube w a s 6 0 m m .

The furnace temperature (in the uniform

temperature zone) where the sample was located during test was
measured in the same way as for sintering using the same kind of
thermocouple(which

was

also

bare-headed), but the

thermocouple was calibrated more often as it was more subject to
possible contamination in reducing atmosphere. The sample
(usually two tablets for a single test) was placed in a basket made
from K A N T H A L wire of 0.5mm in diameter. The basket was hung
from an electronic balance(CHYO model JP-300W) which was
connected to a recording computer. The sample was preheated at
900°C in N 2 for 10 minutes. Then N 2 was replaced by C O and the
recording computer w a s simultaneously

activated to start

recording the weight loss of the sample continuously until the end
of the test. The flow rate of C O was chosen to be 2.5 l/min (little
per minute STP), as preliminary experiments showed that

the

effect of C O flow rate on the reduction rate became insignificant
after 2.5 l/min. The reduction degree was calculated as the ratio of
the weight of oxygen reduced (the weight loss) and the initial

Electronic
balance
Thermocouple
Gas out

Temperature
controller

Recording
computer

Sample

— AI2O3 rings

Gas in

Fig. 2.3. Diagram of the reduction test device.
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a

reduction curve (reduction degree versus time) was obtained for
each test.

(4) Pore structure examination

The pore structure of the sample was mainly examined
microscopically on polished sections for the purpose of the present
work with its emphasis on how the pores are formed and not so
much on what the final porosity might be. Printing conditions (e.g.
contrast, exposure time, etc.) of the photographs were varied in
order to highlight the phases of interest.
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CHAPTER 3.

PORE FORMATION IN IRON ORE / LIMESTONE / COKE
TABLETS

3.1 Pore formation in iron ore / limestone tablets

3.1.1 Pore formation at sites of limestone particles

To understand the fundamental pore formation mechanisms in iron
ore sinter and pellets, it is important and necessary to investigate the
individual influences of all factors which might have an influence on
pore formation, such as constituents of raw materials, particle size and
distributions of all raw materials involved, initial porosity, heating
patterns, etc.

The work started with an investigation of the effect of initial porosity
(packing density) of the raw sample before sintering on the pore
structure in the sample after sintering as it w a s thought (in fact it seemed
to be a c o m m o n belief) that the pores in the product might arise mainly
from the interparticle voids in raw samples, as in the case of solid state
sintered ceramics [50,51]. The samples of different porosities were
prepared from 8 5 . 5 % iron ore (-1mm) and 14.5% limestone (-1mm)
(sample weight=2.0g), without addition of coke, and sintered at 1280°C
for 4 minutes in a normal muffle furnace.
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As expected, it was found that the higher the initial porosity of the
raw sample, the higher the final porosity and the larger the average
size of the pores in the sintered sample and that the pores tended to be
more open w h e n the porosity w a s higher. These results were in
accordance with c o m m o n knowledge.

However, it was also found that there were always some pores
which were much larger than the interparticle voids in the raw samples,
as shown in Fig.3.1. The raw sample in Fig.3.1(a) had an initial porosity
of 28.6% and during sintering the sample underwent a linear swelling of
3.4%. The question requiring an answer w a s the origin of these large
pores as pores formed from the interparticle voids could not be
expected to be that much larger than the voids when the sample did not
swell that much. This question proved to be the key question which led
to the successful finding of the pore formation mechanisms in sinter and
pellets in the present work.

Considerable efforts were then made to find out how these large
pores were formed by investigating the effects of a number of factors
considered relevant in pore formation and it w a s finally found that the
sizes of such pores were closely related to the size of limestone
particles. To clarify this phenomenon further, mono-size (narrow range)
particles were used and it w a s found that the larger the limestone
particles used, the larger were the pores formed, as will be seen in
more detail in Chapter 4.

W h e n a specially prepared sample

(Fig.3.2(a)) consisting of one limestone cylinder (diameter= 2.1 m m ,
length=4 m m ) surrounded by iron ore particles (125-355nm, 2.5g) was

— Pores

Fig. 3.1.

Structures of the sample before (a) and after (b) sintering.
x16.3.
The sample:
Iron ore(white) particle size, Df = - 1 m m .
Limestone(grey) particle size, D c = - 1 m m .
Amount of Limestone, X c = 14.5%.
Sintering temperature, T = 1280°C.
Sintering time, t = 4 min.
Note: Voids and pores filled by resin during impregnation
appear grey (slightly darker than limestone) and
those not filled by resin appear black.
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sintered at 1280°C for 4 minutes in the muffle furnace, the limestone
cylinder disappeared and at its site a cylindrical pore w a s formed, as
shown in Fig.3.2(b). Similarly, when a sample consisting of three such
limestone cylinders w a s sintered at 1280°C for 4 minutes, three
cylindrical pores were formed at the sites of the three limestone
cylinders respectively. It w a s observed that sometimes the shape of the
pore formed at the site of limestone cylinder w a s quite different from that
of the limestone cylinder when the reaction between limestone and iron
ore particles proceeded preferentially in s o m e particular direction.

To prove such a pore formation phenomenon more directly, a hot
stage optical microscope w a s employed to observe events in situ. The
samples (tablets) were m a d e from 8 5 % iron ore (125-250 u,m) and 1 5 %
limestone (0.71-1.0 m m ) , compacted with a small die, having both its
diameter and height being 5 m m and a weight of 0.3g, and heated at
different temperatures (1240-1300°C). It w a s clearly observed that
pores were indeed formed at the sites of limestone particles, as shown
in Fig.3.3, though the quality of the photographs taken at such high
temperatures w a s not very satisfactory. The higher the temperature the
more difficult it w a s to get a clear picture. The observation showed that
initially a gap w a s formed between a limestone and iron ore particles
around, then the size of the limestone particle gradually shrank and at
the s a m e time

a pore w a s being formed.

In other words,

the

"disappearance" of the limestone particle and the formation of the pore
at its place were synchronous. W h e n a limestone particle completely
"disappeared" (reacted off), a complete pore w a s thus formed at its
place. It appeared that s o m e iron ore particles in between and around

(a)

Fig.3.2.

A limestone cylinder(white) surrounded by iron ore
particles(grey) in the raw sample (a) and a cylindrical pore
formed at the site of this limestone cylinder after sintering
(b). x4.5

The sample: Df=125-355u.m, Dc=2.1 mm (cylinder),
T=1280°C, t=4min.
Note: The two photographs were taken before polishing.

(a)

(b)

Fig.3.3

Fig.3.3.

Photographs taken on the hot stage microscope. x15.2.

The sample: Df = 125-250u,m, Dc = 0.71-1 .Omm,
T=1240°C.
(a) Limestone particles (white) surrounded by iron ore
particles (brown) before sintering.
(b) A pore formed at the site of a limestone particle
(middle of the photograph). T w o limestone particles
(not very clearly visible) on the top left edge had also
disappeared, leaving pores behind. t=16.6 min.
(c) All the limestone particles had disappeared and
pores were formed at their sites. t=18.4 min.
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these three adjacent limestone particles had reacted or had been
dissolved by liquid and then flowed away and as a result, the pores
formed at the limestone particles were larger than the limestone
particles.

It was also observed on the hot-stage microscope that the process
of pore formation at sites of limestone particles seemed to be very quick
after a certain stage (probably when certain amount of liquid phase was
formed). Liquid flowing over the iron ore particles and in the voids
between them w a s also observed. Further results and discussions on
the process of the "disappearance" of the limestone particles and the
pore formation will be given in Section 3.1.3.

It appeared surprising that such a fundamental phenomenon in
iron ore sintering and pelletizing processes had not been found
hitherto, and it w a s wondered if similar phenomena had been found in
other systems. Further literature survey on the sintering of other
systems (in ceramics and powder metallurgy fields) showed that pore
formation in solid state sintering and in liquid phase sintering are quite
different, and both are affected by many factors [53].

In solid state sintering, pores are all from the interparticle voids
[50,51], as pointed out earlier. It w a s probably this concept which had
stifled the clear understanding of the pore formation in iron ore pellets
and sinter. In liquid phase sintering, s o m e pores
—

but not all pores

are still from the interparticle voids. In s o m e systems [52,53] pores

could be formed at the sites of additive particles, which were either
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melted when melting point was reached or reacted with the base
particles to form low melting point compounds, which w a s then melted
at elevated temperature and flowed away. In s o m e other systems [53],
pores were not formed at the sites of added particles after they became
liquid.

Instead, the liquid formed drew the surrounding particles

together. It might be interesting to note that such an understanding of
pore formation in s o m e of the systems commonly used in powder
metallurgy w a s not obtained until m a n y years after they had been
used.This w a s probably due to the fact that the pore formation, or more
generally, the whole process of liquid phase sintering is affected by
many factors in a complicated w a y and different systems behaved
differently during sintering. It w a s stated [53] that whether pores could
be formed at the sites of additive particles depended on the ratio of
solubilities of one component in the other, particle size, temperature,
etc.

From the foregoing it therefore appears that different systems need
to be investigated specifically. Nevertheless, such research work and
results obtained should have paved the way in understanding the pore
formation in iron ore sinter and pellets and helped in finding the results
reported here.

As iron ore sintering and pelletizing has many differences from
and seems to be much more complicated than sintering involved in the
fields of ceramics and powder metallurgy, then much work is needed to
investigate the pore formation process in iron ore sinter and pellets.
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3.1.2 Effect of decomposition of CaC03

One might think that the decomposition of CaC03 could have a
significant influence on the pore formation in iron ore sinter and pellets.
So it appeared important to clarify whether the pores formed at the sites
of limestone particles had anything to do with the decomposition of
CaC03.

A test was carried out in the present work using burned lime (the
samples were m a d e from 85.5%iron ore and 14.5%burned lime and
sintered at 1280°C) and the results were very much the same as when
limestone w a s used (Section 4.1), i.e. pores were again formed at sites
of burned lime particles and the larger the burned lime particle size, the
larger the pores formed at their sites. This strongly indicated that the
pores formed at the sites of limestone particles were not caused by the
evolution of C O 2 from C a C 0 3 . In fact, the direct observations on the hot
stage microscope (Section 3.1.1) and further detailed microscopic
examination of such a pore formation process (Section 3.1.3) have
shown that the pore formation at the sites of limestone particles was just
a process in which limestone particles (which would be calcinated to
C a O first ) continuously reacted with iron ore particles to form liquid
phase, which, once formed, flowed away immediately, and when the
limestone particles were consumed completely, pores were
formed behind.

thus
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Phase diagram of the system CaO-Fe203 [56].
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As to the question whether any CO2 from CaC03 could be trapped
in melt, s o m e particular experiments m a y be necessary in order to
prove it with certainty. A possibility may, however, be proposed here. It
may be very likely that calcination of the limestone would have
finished, i.e. all the C O 2 would have gone, before any significant
amount of liquid could be formed, as calcination of the limestone must
occur first to produce C a O which then could react with Fe203 to form
compounds and liquid phase, and in fact, calcination of limestone
starts at about 522°C and boils at about 903°C [70], while the lowest
melting point in the system CaO-Fe203 is 1205°C as shown in Fig.3.4 .
So it appears very unlikely that the C O 2 from C a C 0 3 could be trapped
in a melt. The possible effect of the decomposition of limestone is that it
might cause cracking in the pellets during heating if a large amount of
limestone is used and the decomposition rate is very high.

3.1.3 Pore formation process

In order to understand in more detail the process of pore formation
noted above, samples consisting of 9 5 % iron ore (125-250u.m) and 5 %
limestone (425-500u.m), having a sample weight of 3.25g and a porosity
of 40.54%, were heated at 1265°C for different times from 0 to 15
minutes and then examined microscopically on polished sections.

It was found, as expected, that the longer the sample was heated,
the higher, on average, w a s the extent of the limestone and iron ore
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particle reaction, but not all the limestone particles reacted at the sam
rate, e.g. s o m e of the limestone particles in these samples completely
reacted in less than half the time for others. Hence, the pore formation
process will be described in terms of the reaction degree of a limestone
particle with surrounding

iron ore particles, instead of in terms of

heating time.

Figure 3.5(a) shows a limestone particle surrounded by iron ore
particles in a raw sample. There appeared to be more cracks in some
limestone particles after being heated for a period of time, probably due
to calcination, as shown in Fig.3.5(b) (some of the cracks were filled
with resin during impregnation). O n microscopic examination the
limestone particles (they might have become C a O already) at this stage
appeared darker. This w a s probably due to their not very flat surface
which might be caused by the possible reaction between C a O and H2O
during the process of grinding and polishing. Figure 3.5(c) shows initial
calcium ferrite (CF) phase formed between a C a O particle and the
surrounding iron ore particles. A small quantity of C F in the voids
between the iron ore particles can also be seen.

Figure 3.5(d) shows that part of a limestone particle has
disappeared and that there is more liquid phase (CF) on the surface
and in cracks of the C a O , in between the C a O and iron ore particles, in
the voids between s o m e iron particles and on the surface and in some
inner pores of iron ore particles.

Fig.3.5(a).

A limestone particle surrounded by iron ore particles in the
raw sample. x82.

Fig.3.5(b).

Fine cracks in a limestone particle which were likely to
have been produced during heating. x82.

Note: Some of the cracks were filled by resin and the resin
in the cracks look lighter than that in the voids
between iron ore particles.

Fig.3.5(c).

Initial calcium ferrite formed between a C a O particle and
the surrounding iron ore particles. x82.

Fig.3.5(d).

Part of a limestone particle had disappeared. x82.
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Figure 3.5(e) shows a small residual quantity of lime (CaO) in a
pore formed at the site of the limestone particle. Figure 3.4(f) shows a
pore formed at the site of a limestone particle after it w a s completely
consumed, with liquid phase joining the iron ore particles together.

Another set of experiments were conducted at 1280°C using
samples made from 85.5% iron ore (0.71-1.0 m m ) and 14.5% limestone
(2.0-2.5 m m ) , and the results were very much the same as the above,
confirming such a pore formation process.

On the above evidence, the pore formation process may be
summarized as follows.

(1) During heating, a limestone (CaC03) particle was calcinated
to C a O , i.e. C O 2 was released, accompanied by possible cracking.

(2) CaO and Fe203 then reacted at the contact surface to form
CF.

(3) The CF was melted at higher temperature. Due to surface
tension and/or capillary force, the liquid flowed (dispersed) away
immediately to: 1) surfaces of the C a O , 2) surfaces of surrounding
iron ore particles, 3) voids between iron ore particles, 4) inside
C a O through cracks and 5) inside iron ore particles through open
pores.

Fig.3.5(e).

A small residual quantity of lime (CaO) in a pore formed at
the site of a limestone particle. x82.

Fig.3.5(f).

A pore formed at the site of a limestone particle. x82.

Fig.3.5.

Pore formation process in iron ore / limestone tablets.
The sample: D f =125-250u.m, D c =425-500u.m ,
T=1265°C.
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(4) Reaction between iron ore and CaO continued at contact
points, either directly or through liquid phase as a go-between,
and the liquid continued to dissolve the CaO.

(5) More and more liquid was formed and the CaO became
smaller and smaller. The C a O could also be divided into parts
through cracks as observed in some cases.

(6) After the CaO was completely consumed, a pore was thus
formed at its site. W h e n the liquid flowed away from its source, it
completely or partially filled some of the voids between iron ore
particles and some inner pores in them. Iron ore particles around
limestone particles may be partially or completely dissolved during
such a process.

3.2 Pore formation with coke added

Coke is the only source of heat in the sintering process and is
always added to the mix. Coke or coal is sometimes added to
pelletizing mix, too [55]. This section discusses the effect of coke on
pore formation.

The samples were made from 80.71% iron ore (125-250^m),
13.69% limestone (53-75u.m) and 5.6% coke (1.0-1.4mm, 0.5-0.6mm
and 53-75nm, respectively), with a sample weight of 3.0g.

The
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samples were then heated at a furnace temperature of 1180°C for 15
minutes. Before sintering these three samples (of different coke particle
sizes) had almost s a m e volume (1.18 to 1.19cm 3 ) and almost same
porosity (33.0 to 33.2%). A s only slight linear swelling (2.0 to 3.1%)
occurred during sintering, they still had volumes close to each other
(1.26 to 1.29cm 3 ) after sintering, so the sizes of the pores formed at the
sites of coke particles in these three samples were comparable.

Microscopic examination of the samples after heating showed that
the limestone particles seemed to have all disappeared (reacted with
iron ore particles)(Fig.3.6), suggesting that the temperatures of the
samples were higher than 1205°C which is the lowest liquid formation
temperature (eutectic temperature) in the system C a O - F e 2 0 3 (Fig.3.4).
This also means that the temperatures of the samples were higher than
the furnace temperature due to the heat generated by the combustion of
coke in the samples. A s the amount of liquid phase in these three
samples seemed to be low, the temperatures of the samples were
probably not significantly higher than 1205°C, according to the results
obtained with samples m a d e from iron ore and limestone and sintered
at different temperatures (the following Chapters).

If only iron ore and limestone of the same particle sizes and
proportions were used without coke, an open and uniform pore
structure should be formed after sintering, similar to that in Fig.7.5 of
Chapter 7 where there w a s one or more limestone particles in almost
every void between iron ore particles and every void became a pore
after sintering.

Remainder of a coke particle
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Fig.3.6

(c)

3.6.

Pores formed at the sites of coke particles. x41.

The sample: Df=125-250u.m, Dc=53-75|im, T=1180°C,
t=15min. (a) D C k=1-0-1.4mm;
(b) D ck =0.5-0.6mm; (c) D ck =53-75u.m.
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Figure3.6 shows that when coke particles were added, pores were
formed at the sites of coke particles when they burned off, as well as at
the sites of limestone particles. W h e n the coke particle size w a s
1.0-1.4mm, the coke particles had not completely burned off, but it is
obvious that relatively large pores were formed at their sites, as shown
in Fig.3.6(a). W h e n the coke particle size w a s 0.5-0.6mm, the coke
particles had nearly completely burned off and the sizes of the pores
formed at their sites (Fig.3.6(b)) were smaller than those when the coke
particle size w a s 1.0-1.4mm (Fig.3.6(a)). W h e n the coke particle size
w a s 53-75mm, the coke particles, like the limestone particles, were
quite uniformly dispersed and there w a s one or more coke particles in
almost every void between iron ore particles and during sintering, all
the coke particles burned off and a quite uniform pore structure was
formed, as shown in Fig.3.6(c).

When these samples were heated at higher furnace temperatures,
1250°C and 1270°C, respectively, the results still showed that the larger
the coke particles the larger were the pores formed at their sites. But at
such high temperatures, severe shrinkage occurred to the sample made
from coke particles of 0.5-0.6mm, particularly the sample m a d e from
coke particles of 5 3 - 7 5 m m and pores tended to become isolated as the
temperatures in the samples could have been very high. Reduced
F e 3 0 4 and metallic iron were observed in the samples heated at these
high temperatures. As the presence of F e O (or Fe304) could have an
effect on the formation and amount of liquid phase, it would have an
effect on the pore structure.

Chapter 3 Pore Formation In Iron Ore/Limestone/Coke Tablets

3-13

According to the above results, the pores formed at sites of coke
particles were simply a result of their burning off. Similar effects could
occur to other carbonaceous materials such as peat, lignite and
sawdust, which have been used to increase the porosity of pellets
[40,41]. The proposition that voids m a y be created by gaseous
evolution (bloating) [41] from such materials could well be questioned.

3.3 Effect of MgO, Si02 and AI2O3 on pore formation

MgO, Si02, AI2O3 and other minority components are almost
always present in the raw materials for sintering and pelletizing, either
as components contained in the ores or added to adjust the chemical
compositions. Therefore it is important to understand their possible
effects on the pore formation. S o m e proposals are provided in the
following.

These components could have an effect on the pore formation and
the final pore structure by different ways.

One is that they have an effect on the formation and amount of
liquid phase and as the amount of liquid phase could have an influence
on the rearrangement of particles, the dimensional change and the
extent of filling the voids, etc, so they would have an effect on the pore
formation and final pore structure in this way.
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A more interesting way is whether pores could be formed at their
sites and there are two cases on this aspect which could be considered.

(i) A component could react with others to form low melting point
compounds or there is a low liquid formation temperature (e.g. low
eutectic temperature) in the system concerned. For example, Si0 2
m a y react with F e O to form low melting point compound
2 F e 0 S i 0 2 (melting point is about 1203°C (Fig.3.7)) if both are
available and could contact with each other

and also there are

two low eutectic temperatures (both are about 1176°C) between
2 F e O S i 0 2 a n d F e O and between 2 F e O S i 0 2 and Si0 2 )
respectively, in the system FeO-Si0 2 (Fig.3.7). W h e n the process
temperature reaches such liquid formation temperature, liquid
phase would be formed between Si0 2 and F e O and if the liquid
could flow away to voids around, then pores could possibly be
formed at their sites.

(ii) A component could not form any low melting point compound
with others, or the liquid formation temperature in the system
concerned is too high. For these conditions no initial liquid will be
formed directly between this component and others. For example,
in the system F e 2 0 3 - C a O - MgO-Si02-AI 2 03 with F e 2 0 3 a s the
main (base) component and C a O as the main additive, no liquid
phase will be formed directly between M g O and Fe203 as the
lowest liquid formation temperature (1575°C) in the system
MgO-Fe203(Fig.3.8) is much higher than normal sintering or
pelletizing temperature [13]. For similar reasons, liquid could
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hardly be formed between S1O2 and F e 2 0 3 and between AI2O3
and Fe 2 03. Also, direct reaction and subsequent liquid formation
between C a O , M g O , Si02 and AI2O3 is very unlikely as the chance
of contact between them is very small [13]. What m a y happen is
that liquid m a y form between Fe203 and C a O first and then
dissolve M g O , Si02 and AI2O3 when it flows around. In this case,
pores could only be possibly formed at sites of M g O , Si02 and
AI2O3 if they could be dissolved completely by liquid and could
then flow away to voids (if available) around.

3.4

Classification of pores

The fundamental pore formation mechanism having been
established, it is n o w possible to classify the pores in iron ore
agglomerates. Based on the results presented above, pores in iron
ore/limestone/coke tablets m a y be classified according to their origins.

Type 1. Pores formed at sites of limestone particles, as shown in
Fig.3.5(f).

Type 2. While pores are being formed at sites of limestone
particles, the liquid phase completely or partially fills some of
the voids between iron ore particles. S o m e voids m a y also
disappear w h e n adjacent iron particles are assimilated
together. So Type 2 pores are those unfilled or partially filled
voids between iron ore particles (Fig.3.5(f)).
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Unfilled or partially filled inner pores of iron ore
particles. Such inner pores m a y coalesce during sintering.
More discussion on this will be given in Chapter 4.

When iron ore particles were dissolved, some inner
pores m a y be lost or m a y still remain. Those remaining inner
pores are still regarded as Type 3 pores.

Type 4. Pores formed at sites of coke particles.

Type 5. Pores which might be formed at the sites of other
components.

Although there might be some other types of pores at different
conditions, it is considered that, in iron ore / limestone / coke tablets, the
above types of pores, particularly Type 1, 2, 3 and 4 are the main types
of pores.
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CHAPTER 4.

EFFECTS OF VARIOUS FACTORS ON PORE FORMATION

According to the research work in the past, a number of factors
could have an influence on pore formation in iron ore sinter and pellets.
But as the pore formation mechanisms were not understood well, most
of the results were more or less statistical ones and s o m e of them were
quite confusing. Based on the fundamental pore formation mechanisms
found in the present work as discussed in Chapter 3, the individual
effects of s o m e important factors on pore formation and the pore
structure in final product have been investigated and the results are
discussed in this Chapter.

4.1 Particle size of raw materials

A number of materials are used in producing iron ore sinter and
pellets [57], but here only iron ore, limestone and coke are considered.
Effects of other additives can be considered in a similar way.

4.1.1 Limestone particle size

As pores were formed at sites of limestone particles (Chapter 3),
the number and sizes of such pores and the overall pore structure of the
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sample could be changed by changing the size of limestone particles.
Samples used here were m a d e from 85.5% iron ore (125- 250u.m) and
14.5% limestone (different sizes), with a sample weight of 3.25g and
sintered at 1280°C for 7 minutes. For comparison of the sizes of the
pores formed at the sites of limestone particles of different sizes, the
samples after sintering shown here were chosen to have sample sizes
(volumes) close to each other (in the range of 1.207 to 1.264 cm 3 ) from
many samples of various sizes m a d e during the course of this study.
Also as s o m e dimensional changes occurred during sintering, the raw
samples shown here were actually remade so that they had the same
sizes (volumes) as those of the corresponding sintered samples for
comparison of the sizes of the pores in the sintered samples and the
sizes of the particles and the voids in the raw samples. The porosities
of these raw samples were in the range of 38.16 to 40.95%.

As shown in Fig.4.1, when coarse limestone particles were used,
large pores (Type 1) were formed at the sites of limestone particles and
the liquid phase flowed away and filled s o m e voids around. The overall
pore structure in such a sample w a s very non-uniform in terms of the
pore size distribution and dispersion of porosity throughout the
samples. With smaller limestone particles, as shown in Fig.4.2 and
Fig.4.3, the sizes of such pores were smaller, but their numbers were
greater because the number of limestone particles increased and, as a
result, the overall pore structure became more uniform.

It is clear that the Type 1 pores in Figs.4.1-4.3 were obviously
larger than the sizes of the voids in the raw samples simply because

4.1.

Structures of the sample before (a) and after (b) sintering.
X16.3.
Df =

i25-250nm, D c = 1.4-1.68mm, T = 1280°C, t = 7 min.

4.2.

Structures of the sample before (a) and after (b) sintering.
X16.3.
Df = 125-250nm, D c = 0.71-1.0mm, T = 1280°C, t = 7 min.

(b)
4.3.

Structures of the sample before (a) and after (b) sintering.
x16.3.
Df = 125-250um, D c = 355-500u.m, T = 1280°C, t = 7 min.
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the limestone particles were larger than those voids. It can also be seen
that in each of these three Figures the Type 1 pores, in general, were
larger than the limestone particles. There were two reasons for this. O n e
w a s the dissolution of the iron ore particles around the limestone
particles and the other w a s that s o m e limestone particles were located
together and acted as a much larger particle, or close enough to each
other to act as a much larger particle when the iron ore particles in
between them could completely become liquid and flow away, similar to
that observed on the hot stage microscope (Fig.3.3).

As mentioned earlier, while pores were formed at the sites of
limestone particles, liquid phase filled partially or completely the voids
around. The filling of these voids by liquid tends to make them closed or
isolated (Type 2 pores), causing a loss of surface area available for
reaction. With decreasing limestone particle size, the number of Type 2
pores should decrease as the number of the voids (between iron ore
particles in the raw samples) in which there w a s not any limestone
particle should decrease.

It is important to note the simple fact that at same porosity, a
decrease of pore size and an increase of pore number m e a n s an
increase in surface area which is extremely important for high
reducibility. Also with decreasing the size of limestone particles at a
given amount of limestone, or increasing the number of limestone
particles, the chance of the pores formed at their sites being open is
higher due to the increased number of such pores (see Chapter 7). This
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probably means that the open porosity would be higher with decreasing
limestone particle size.

Such an effect of limestone particle size was further tested when a
number of parameters were changed, such as iron ore particle size,
porosity, temperature, amount of limestone, etc. The results appeared
to show that though its magnitude varied at different conditions, such an
effect of limestone particle size prevailed at almost any of these
conditions except when the sample w a s over melted, i.e. when large
amount of liquid w a s formed and very significant shrinkage occurred
—

this happened, as expected from the phase diagram, when either

temperature w a s too high or / and the amount of limestone w a s too
large. For example, when the amount of limestone w a s 2 5 % and the
temperature w a s 1280°C, all the samples were nearly completely
melted and very severe shrinkage occurred and, as a result, the
difference in pore structure between the samples m a d e from different
size limestone particles w a s much less than that in Figs.4.1-4.3. O n e
could expect that if full densification occurs during sintering (i.e. there
will be no pores at all in the product ), limestone particle size will not
have any effect on the final pore structure. However such extreme
situations do not usually occur in the industry, or could be easily
prevented if desired. It will be discused in Chapter 8 that when samples
were not over melted, the effect of limestone particle size on pore
structure w a s stronger at relatively lower porosity in the sense of
openness and uniformity of pore structure.

(a-2)

Fig.4.4(a)

Si « * „ *

(b)

Fig.4.4.

Structures of the sample before (a-1, a-2) and after (b)
sintering.
(a-1) x16.3; (a-2) x41; (b) x16.3.
Df = 125-250um, D c = 31-41 U-m, T = 1280°C, t = 7 min.

BP5

Part of a
Typel
pore

•'•%•

Fig.4.5.

Effect of limestone particle size on the morphology of
calcium ferrite. x82.

Df = 125-250um, T = 1280°C, t = 7 min.
(a) D c =1.4-1.68mm;
(b) D c =75-125um
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An interesting and important result was the formation of an open
pore structure. At a certain size the limestone particles were dispersed
quite uniformly and there were enough of these particles so that there
was one or more limestone particles in each of the voids between iron
ore particles. A s a result, every void between iron ore particles became
a pore (these pores will be termed as Type 1-2 pores) after sintering
and a very uniform pore structure w a s formed, as shown in Fig.4.4.
More importantly, all these pores were connected to each other and
were open, indicated by the fact that they were filled by resin during
impregnation. Such an open pore structure is obviously desirable for
high reducibility. More discussions on the formation of an open pore
structure will be given in Chapter 7.

Overall, the above results showed that limestone particle size
could be used as an effective means to control the pore structure.

In addition, it was found that limestone particle size had an effect
on the morphology of calcium ferrite (CF). W h e n large limestone
particles (e.g. 1.4-1.68mm) were used, large columnar C F w a s formed,
particularly in the vicinity of the pores formed at the sites of limestone
particles, and w h e n fine limestone particles (e.g. 75-125u.m) were
used, needle C F w a s formed, as shown in Fig.4.5. Also, with decreasing
limestone particle size, the dispersion of liquid phase in the sintered
sample w a s more uniform, as m a y be seen in Figs.4.1-4.5.

4.1.2

Iron ore particle size
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Figures 4.6-4.7 show the pore structures of the samples made
from 8 5 . 5 % iron ore (0.71-1 .Omm) and 14.5% limestone (1.4-1.68mm,
0.71-1.0mm and 31-41 }im, respectively) (the weight of raw sample was
3.25g) and sintered at 1280°C for 7 minutes. The volumes of these
three samples were in the range of 1.292 to 1.322 cm 3 .

The effect of limestone particle size on the pore structure when
iron ore particle size w a s 0.71-1.Omm (Figs.4.6-4.8) w a s much the
same as that when iron particle size was 125-250u.m (Figs.4.1-4.4).

However, iron ore particle size had an effect on the pore structure.
The larger the size of iron ore particles the fewer the Type 2 pores
(unfilled or partially filled voids between iron ore particles), as can be
seen by comparison of Figs. 4.1-4.2 and Figs. 4.6-4.7, due to the fewer
voids between iron ore particles in the raw samples.

Also the sizes of Type 2 pores appeared to be somewhat larger
when iron ore particle size w a s 0.71-1.0mm (Fig.4.7) than those when
iron ore particle size w a s 125-250u.m (Figs.4.2 and 4.3) (this is still true
after it is taken into account that the sample shown in Fig.4.7 was larger
than the samples shown in Figs.4.2 and 4.3), as the larger the size of
iron ore particles the larger the size of the voids between them in the
raw samples. This effect of iron ore particle size on the size of Type 2
pores would be more significant when the filling of the voids between
iron ore particles by liquid is lesser, e.g. when only a small amount of
limestone is used. For the s a m e reason, iron ore particle size had an

Fig.4.6.

Pore structure of the sample after sintering. x16.3.

Df = 0.71-1 .Omm, Dc = 1.4-1.68mm, T = 1280°C, t = 7 min.

Fig.4.7.

Pore structure of the sample after sintering. x16.3.

Df = 0.71-1 .Omm, Dc = 0.71-1 .Omm, T = 1280°C, t = 7 min.

Fig.4.8.

Pore structure of the sample after sintering. x16.3.
D f = 0.71-1 .Omm, D c = 31-41 u.m, T = 1280°C, t = 7 min.
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obvious effect on the size of Type 1-2 pores when an open and uniform
pore structure w a s formed, as is clearly shown in Fig.4.4 and Fig.4.8, i.e.
the larger the iron ore particle size the larger the size of Type 1-2
pores.

4.1.3 Coke particle size
As already seen in Section 3.2, pores were formed at the sites of
coke particles and therefore coke particle size had an effect on the size
of such pores, similar to the effect of limestone particle size, i.e. the
smaller the coke particles the smaller the size of such pores and the
greater the number of such pores (for a given amount of coke). These
results m e a n that coke particle size, like limestone particle size, could
be used as a means to change or improve the pore structure.

Furthermore, similar results could be expected when other
combustible carbonaceous materials are used such as peat, lignite and
sawdust. Addition of such materials could not only have an influence on
the total porosity [41,42] as mentioned earlier, but also their particle
sizes could have an effect on the pore size and distribution according to
the present results.

4.1.4 Some remarks

As pointed out at the beginning of Chapter 3, there seems to be a
c o m m o n belief (or opinion ) that the pores in iron ore sinter or pellets,
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excluding the pores from the inner pores of iron ore particles, are
basically from the interparticle voids in the raw mix in the sintering bed
before sintering or in the green pellets before induration and therefore
the number and size of the pores depend on the number and size of
such voids which in turn depend on the sizes of the particles of raw
materials. This belief is quite ambiguous as there does not seem to be
a clear picture whether the interparticle voids m e a n the voids between
only iron ore particles, or the voids between the particles of all the raw
materials involved.

This belief, according to the results shown here so far, may be right
only for acid pellets m a d e from very pure iron ore and is not accurate, if
not wrong, for sinter and pellets in general. It is n o w clear that the
numbers and sizes of the pores of different Types depend on the
particle sizes of different materials. The number and size of Type 1
pores mainly depend on the limestone particle size for a given amount
of limestone. The number and size of Type 2 pores mainly depend on
the number and size of the voids between iron ore particles, which in
turn depend on the size of iron ore particles, and the extent of filling of
the voids by liquid. T h e number and size of Type 4 pores mainly
depend on the coke particle size for a given amount of coke. The total
porosity would, of course, have an effect on sizes of Type 1, Type 2 and
Type 4 pores. The number and size of Type 3 pores (unfilled or partially
filled inner pores of iron ore particles) depend not only on the number
and size of the original inner pores in the iron ore particles but also on
the changes to them during sintering as will be seen in Section 4.2.
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4.2 Sintering temperature

The samples which will be discussed below were made from
85.5% iron ore (0.71-1.0mm) and 14.5% limestone (75-125um), having
a sample weight of 4.0g and an initial porosity of 29.42%, and then
sintered at different temperatures in the range from 1157°C to 1337°C.
The sintering time was 7 minutes.

The structure of the raw sample is shown in Fig.4.9(a). Two
magnifications were used in Fig.4.9(a). A low magnification of 16.3 was
used to show the overall dispersion of iron ore particles and limestone
particles (Fig.4.9(a-1)) and a higher magnification of 41 was used to
show the limestone particles more clearly (Fig.4.9(a-2)). The structures
of the samples sintered at different temperatures were shown in
Fig.4.9(b)-(i), respectively. Similarly, a magnification of 16.3 was used
to show the overall pore structure and a magnification of 41 was used to
show the mineral phases more clearly in these sintered samples.

As can be seen in Fig.4.9(a), there were a number of limestone
particles in every void between iron ore particles in the raw sample.
According to the results in Section 4.1 and Chapter 7, an open and
uniform pore structure should be formed in such a sample if
temperature was not too high, as will be seen in Fig.4.9(b)-(f).

It was observed that at 1157°C, some reaction between iron ore
and limestone had occurred and a small amount of C F had been

(a-1)

(a-2)

Fig.4.9(a).

Structure of the raw sample before sintering.
(a-1) x16.3;

(a-2) x41.
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formed. At 1207°C, some limestone particles had disappeared
(reacted) and liquid phase w a s observed on the surface and in some
inner pores of iron ore particles. At 1210°C, almost all limestone
particles had gone, leaving pores behind in between iron particles, and
an open and uniform pore structure thus formed, as shown in Fig.4.9(b).
Liquid phase in the inner pores and liquid layers on the surface of iron
ore particles appeared obvious.

This m e a n s that at temperatures

slightly higher than the lowest melting point (1205°C) in the system C a O
and Fe203, liquid phase could be formed and immediately flow away
due to surface tension or / and capillary force.

From 1210°C to about 1290°C, more and more liquid phase was
formed

and more and more iron ore particles were connected to each

other by liquid, as shown in Fig.4.9(b)-(f). Dissolution of iron ore
particles w a s also enhanced

with increasing

temperature.

Rearrangement of iron ore particles also occurred due to the presence
of liquid [53], but this effect w a s not so significant in this temperature
range. Overall, an open and uniform pore structure prevailed in this
temperature range.

From 1290°C to 1310°C, pore structure changed dramatically. At
1310°C, as shown in Fig.4.9(g), due to the large amount of liquid phase,
very significant rearrangement of iron ore particles occurred,
accompanied by an obvious shrinkage of the sample, and the open
and uniform pore structure at the lower sintering temperature
(Fig.4.9(b)-(f)) w a s nearly destroyed in some areas. S o m e of the Type

• •

(b-1)

(b-2)

Fig.4.9(b).

Structure of the sample sintered at 1210°C.
(b-1) x16.3;

(b-2) x41.

(c-1)

(c-2)

Fig.4.9(c).

Structure of the sample sintered at 1224°C.
(c-1) x16.3;

(c-2) x41.

(d-1)

(d-2)

Fig.4.9(d).

Structure of the sample sintered at 1244°C.
(d-1) x16.3; (d-2) x41.

(e-1)

(e-2)

Fig.4.9(e).

Structure of the sample sintered at 1275°C.
(e-1) X16.3; (e-2) x41.

(f-1)

(f-2)

Fig.4.9(f).

Structure of the sample sintered at 1291 °C.
(f-1) X16.3; (f-2) x41.
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1-2 pores disappeared due to either shrinkage or filling by liquid
phase.

From 1310°C to 1337°C, as shown in Fig.4.9(h) and Fig.4.9(i),
liquid quantity w a s further increased. More iron ore particles were
assimilated together and dissolution of iron ore particles w a s
appreciable. In s o m e areas the iron ore particles were completely
dissolved. Moreover, the pores became more spherical and tended to
be isolated. This kind of pore structure is obviously bad for high
reducibility.

It may also be seen that even at 1337°C(Fig.4.9(i)), there were still
some large pores present, though the total pore volume w a s much
lower. These large pores were probably the result of coalescence of
some Type 1-2 pores.

The effect of temperature on Type 3 pores (inner pores) was also
obvious. The liquid flowed into the inner pores of iron ore particles and,
in so blocking them, could make the open inner pores closed, as may
be seen clearly in Fig.4.9(j). The higher the temperature, the more
liquid penetrated inside iron ore particles. S o m e inner pores also
coalesced when the wall between them w a s dissolved by liquid phase
and flowed away, as shown in Fig.4.9(k). Such coalescence was
enhanced with increasing temperature. A s a result, the number of the
inner pores w a s decreased while their average size w a s increased, as
shown in Figs.4.9(a)-4.9(i). At very high temperatures (>1310°C) for
some pores it w a s difficult to tell whether they were Type 1-2 or Type 3.

(fl-1)

(g-2)

Fig.4.9(g).

Structure of the sample sintered at 1310°C.
(g-1) X16.3;

(g-2) x41.

(h-2)

Fig.4.9(h).

Structure of the sample sintered at 1327°C.
(h-1) x16.3; (h-2) x41.

(1-2)

Fig.4.9(i).

Structure of the sample sintered at 1337°C.

(i-1) x16.3; (i-2) x41.

Fig.4.9(j).

Liquid phase flowed into inner pores of iron ore particles
during sintering. T=1244°C. x164.

Fig 4 9(k)

Coalescence of inner pores of iron ore particles during
sintering. T = 1 2 8 0 ° C . x82.

Fig.4.9.

Effect of sintering temperature on the pore structure.
The sample: D f =0.71-1.0mm, D c =75-125u.m, t=7 min.
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It was also found that temperature had a strong effect on the
dimensional change of the sample during sintering. The relationship
between the temperature and the linear dimensional change (LDC) of
the sample is shown in Fig.4.10. L D C here means the ratio of the
change in dimension and the initial dimension measured with a
micrometer. Minus sign means shrinkage and positive sign means
swelling. The values of L D C in Fig.4.10 were the averages of the
diametrical L D C and axial LDC. As can be seen in Fig.4.10, the
dimension did not change at temperatures below 1207°C. The sample
swelled in the temperature range from 1210°C to about 1300°C. The
magnitude of swelling increased with temperature until 1275°C and
then decreased with further increase in temperature. The sample
shrank at temperatures over about 1300°C and the magnitude of
shrinkage increased with increasing temperature. As at temperatures of
1 3 2 7 ° C and 1337°C the samples

deformed severely, the size

measurements of these two samples were not as accurate as others,
but the shrinkage of these two samples was obvious.

Considerable work has been done on the dimensional change
during sintering of other systems [53]. It has been found that
dimensional change is a complicated phenomenon and depends on
the combination of a number of factors such as constituents and particle
sizes of raw materials, solubility ratios, wetting properties of liquid on
solid, temperature, amount of liquid, and so forth. The characteristics of
dimensional change could vary considerably under different conditions,
even for the same system. So is the case of iron ore / limestone system
as it was found in the present work that the dimensional change of the
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4.10.
Effect of sintering temperature on the linear dimensional
change (LDC) of the sample.
D f = 0.71-1 .Omm, D c = 75-125u.m, t = 7 min.
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samples made from iron ore and limestone did vary with particle size,
amount of limestone and temperature, etc. Based on the analyses on
other systems [53], the swelling of the samples investigated in the
present work w a s probably due to the separation of iron ore particles by
liquid phase and the penetration of liquid along the grain boundaries of
iron ore particles and the increase of the magnitude of swelling with
temperature w a s probably due to the increased amount of liquid phase.
The shrinkage m a y be explained by the significant rearrangement of
iron ore particles caused by the existence of large amounts of liquid
phase at high temperature and the increase of the magnitude of
shrinkage with temperature over 1300°C m a y be explained by the
increased amount of liquid phase.

Swelling or shrinkage of the sample means a change in porosity.
This must be taken into account when investigating the effect of
temperature on reducibility and strength.

4.3 Amount of limestone

The constituents of the samples and sintering conditions are
shown in Table 4.1. These samples were compacted under same
pressure. The porosity of the raw sample w a s lower with increasing
amount of limestone due to the difference in particle size between the
iron ore and the limestone (the sample size was actually larger with
increasing

amount of limestone due to the lower density of the

limestone than that of the iron ore).
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The amount of limestone was found to have an effect on the
dimensional change during sintering. The dimensional change during
sintering is a quite complicated process [53] as mentioned in Section
4.2 and needs to be investigated specifically in a wide range of
conditions in order to fully understand it. Here w e shall just show the
results and briefly give a possible explanation and discuss mainly the
effect of the amount of limestone on pore formation.

As shown in Table 4.1, with 3% limestone, the sample appeared to
have shrunk very slightly and with 5 % limestone, the sample swelled
very slightly. The magnitude of swelling of the sample increased with
the amount of limestone from 5 % to 2 0 % . With 2 5 % limestone, the
sample shrank obviously. The reason for such a behaviour of
dimensional change w a s probably similar to that for the effect of
temperature on the dimensional change discussed in Section 4.2, i.e.
the increase of the magnitude of swelling with the amount of limestone
was probably due to the increased amount of liquid phase which might
have separated the iron ore particles and the obvious shrinkage at 2 5 %
limestone w a s due to the large amount of liquid phase and significant
rearrangement. The shrinkage of the samples (H and I) m a d e from
8 5 . 5 % limestone and 1 4 . 5 % iron ore w a s probably due to
rearrangement of the limestone particles.

As shown in Figs. 4.11 - 4.13, it is obvious that with increasing the
amount of limestone from 3 % to 14.5%, the number of Type 1 pores
(formed at limestone particles) w a s increased simply because the
number of limestone particles increased. And accordingly the number
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of Type 2 pores (unfilled or partially filled voids) should decrease
because the number of voids between iron ore particles in which there
was not any limestone particle was decreased and also the amount of
liquid was increased.

Table 4.1 The Properties and Sintering Conditions of Samples A-l
Ds
(^m)

Do
(urn)

X^
(%)

~
*

!

t
LDC
(min) (%)

A

125-250 425-500

3

42.06

10

-0.51

B

125-250 425-500

5

41.68

10

0.61

C

125-250 425-500

14.5

40.04

10

3.18

D

125-250 425-500

20

39.95

10

6.56

E

125-250 425-500

25

38.19

10

-11.82

F

710-1000 75-125

14.5

36.41

7

7.01

G

710-1000 75-125

25

32.49

7

-10.27

H

630-1000

-125

85.5

31.19

4

-6.9

I

125-250

-125

85.5

31.23

4

-7.6

NB: 1. R a w sample weight was 3.25g for Samples A - G and 2.8g for
Samples H-l.
2. Sintering temperature was 1280°C.
3. Samples H-l were prepared with a different die which had a
inner diameter of 14.45mm and sintered in a normal muffle
furnace.
4. L D C
Linear dimensional change, %. Minus sign means
shrinkage and positive sign means swelling.

4

Fig.4.11.

Pore structure of sample A after sintering. x16.3.

Fig.4.12.

Pore structure of sample B after sintering. x16.3.
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It is also obvious that with 3% and 5% limestone, only some of the
voids between the iron ore particles around the limestone particles
were completely or partially filled and most of them were unfilled and
remained open. With 14.5% limestone, as shown in Fig.4.13, almost all
the voids between iron ore particles were completely or partially filled
and the average size of Type 1 pores appeared to be larger.

With 20% limestone, as shown in Fig.4.14, the number and
average size of Type 1 pores further increased. In this case, more liquid
was formed and the filling of the voids between iron ore particles and
dissolution of iron ore particles by the liquid became notable. As a
result, Type 2 pores became more spherical and their number w a s
decreased.

The much larger sizes of Type 1 pores in Samples C and
particularly D (Figs. 4.13 and 4.14) than those in Samples A and B
(Figs. 4.11 and 4.12) were due to that s o m e limestone particles were
located together or very close to each other.

It may be appropriate to point out at this stage that the above
results on the effect of the amount of limestone m a y help explain the
reported phenomenon [77] that greater number of macro-pores were
formed with increasing the amount of limestone.

With 25% limestone, as shown in Fig.4.15, much more liquid was
formed and the iron ore particles were nearly completely dissolved.
The pore structure changed dramatically due to the large amount of

Fig.4.13.

Pore structure of sample C after sintering. x16.3.

Fig.4.14.

Pore structure of sample D after sintering. x16.3.

Fig.4.15.

Pore structure of sample E after sintering. x16.3.

Fig.4.16.

Pore structure of sample F after sintering. x16.3.
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liquid and severe shrinkage. The size and total number of pores were
decreased and those large pores formed at sites of limestone particles
as in Fig.4.14 were rarely observed. Almost all the existing pores were
very spherical and isolated and, in s o m e areas, there were no pores
present at all. This kind of pore structure would be obviously very bad
for reducibility.

Similarly, when iron ore particles of 0.71-1 .Omm and limestone
particles of 75-125|im were used, then with 14.5% limestone (sample
F), an open and uniform pore structure w a s formed, as shown in
Fig.4.16, while with 2 5 % limestone, the open and uniform pore structure
was destroyed (Fig.4.17). Due to the existence of a large amount of
liquid, the pore formation process w a s much more complicated, as
severe shrinkage and deformation occurred and the whole material
could probably flow (move) quite freely.

In the extreme, with 85.5% limestone, pores were formed at the
sites of iron ore particles (Figs.4.18 and 4.19) as, in this case, Fe203
was deficient and there was an excess of CaO. Accordingly, such pores
were larger when larger iron ore particles were used, as shown in
Figs.4.18 and 4.19. The liquid phase around such pores and in the
voids between lime (CaO) particles around w a s obvious. The lime
(CaO) particles looked dark on microscopic examination (Figs.4.18 and
4.19) probably for the s a m e reason as that given in Section 3.1.3. The
process of pore formation at the sites of iron ore particles in this case is
similar to that at the sites of limestone particles as discussed in Section
3.1.3.

Fig.4.17.

Pore structure of sample G after sintering. x16.3.

Fig.4.18.

A pore formed at the site of an iron ore particle in sample H
after sintering. x41.
Keys in Figs.4.18 and 4.19: P
pores formed at the
sites of iron ore particles (filled either completely or
partially by resin); L
liquid phase; C
lime (CaO)
particles; R
resin between lime (CaO) particles.

Fig.4.19.

Pores formed at sites of iron ore particles in sample I after
sintering. x41.
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The results in this section have shown that the amount of
limestone has a strong influence on the pore structure and, therefore,
like particle sizes of limestone and coke, could be used as a means to
control the pore structure.

It is a well known fact that basicity (CaO/Si02), which is closely
related to the amount of limestone for a given Si02 content, has a strong
influence on the mineral constituents and the properties. As a change in
basicity for a given Si02 content means a change in the amount of
limestone, it would be accompanied by a change in pore structure
according to the present results. Such a change in pore structure, as
well as the change in mineral constituents, should be considered when
analysing the influence of basicity on the properties.

4.4 Initial porosity

Samples of different porosities were prepared from 85.5% iron ore
(710-1000u.m) and 1 4 . 5 % limestone (500-600|im and 90-106^m,
respectively), with a sample weight of 3.25g, and were sintered at
1265°C for 20 minutes. The porosity of the sintered samples was not
measured, but the difference in volume between these samples should
indicate a difference in porosity.

All these samples swelled during

sintering and the swelling ratios were not quite the same, but, as can be
seen in Fig.4.20, the results still showed that the higher the initial
porosity, the higher w a s the porosity of the sample after sintering. W h e n

32.59

1.20

1.30

1.40

1.50

38.21

42.96

47.04

50.57

V0, cm3
£?,%

volume(V0) and porosity(e°) of sample before sintering

.20.

Effect of the initial porosity before sintering on the final
porosity after sintering.

Df = 0.71-1 .Omm, T = 1265°C, t = 20 min.
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different iron ore particle sizes and limestone particle sizes were used,
similar results were obtained. The results in Fig.4.20 also show that the
relation between the porosities of samples before and after sintering
was nearly linear. This is in accordance with published data for s o m e
other systems [53].

Microscopic examination of the sample made from limestone of
500-600n.m showed that both the sizes of Type 1 pores (formed at sites
of limestone) and Type 2 pores (unfilled or partially filled voids between
iron ore particles) increased with increasing porosity as m a y be seen in
Fig.4.21. What is more important is that with increasing porosity, the
extent of the filling of the voids by liquid became lesser and therefore
the closed pores at low porosity could even become open pores with
increasing porosity. A s a result, the total surface area available for
reaction would be increased.

The samples made from limestone of 90-106|im had an open
pore structure even at a relatively low porosity. With increasing
porosity, such pore structure w a s maintained but the pore size
increased and the contacting area of iron ore particles w a s decreased,
as shown in Fig.4.22, so the surface area should be higher.

(a)

(b)
Fig.4.21.

Effect of the initial porosity before sintering on the pore
structure after sintering. x16.3.
D f =0.71-1 .Omm, D c s500-600u.m, T=1265°C, t = 20 min.
(a) 8°=35.01%, Vs = 1.458 cm3.

(b) £°=47.22%, Vs = 1.764 crrA

Fig.4.22.

Effect of the initial porosity before sintering on the pore
structure after sintering. x16.3.
Df =0.71-1 .Omm, D c =90-106um, T =1265°C, t =20 min.

(a) £°=34.90%, Vs = 1.424 cm3.
(b) £°=45.20%, Vs = 1.663 cm3.
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CHAPTER 5.
PORE FORMATION IN REAL PELLETS

The results on pore formation in previous Chapters were all
obtained with tablets. The pore formation in real pellets is discussed in
this Chapter.

In industry, various additives are used to either increase the
strength of green balls, or to adjust the chemical composition.
Limestone is usually the most c o m m o n additive. Hence, for simplicity,
only limestone w a s used as the additive in this work.

The pellets were made in a laboratory ceramic ball mill of 130mm
in inner diameter and 1 1 0 m m in length (of course with no grinding balls
in when making pellets). The dry iron ore and limestone of desired
proportions and particle sizes were mixed manually in a container
before pelletizing. Part of the mix was then charged into the mill which
rotated at a speed of 60 rpm and s o m e water w a s sprayed over to form
initial balls. Then the remaining mix w a s gradually added and s o m e
more water w a s also sprayed over gradually. The total amount of water
added w a s 9 % of the total weight of the raw materials. During this
period the size of the balls kept growing until the whole mix was added.
It took 15 minutes from the beginning to this stage.Then pelletizing
continued for another 20 minutes to obtain reasonable strength. The
total time of the whole process w a s 35 minutes.

The green pellets

were dried in an air oven and were then sintered at 1270 °C for 10
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minutes.The sizes (diameters) of most of the pellets produced were in
the range from 10 - 1 3 m m . A s the pellets were fairly spherical, their
volumes were calculated according to the diameters measured with a
micrometer and the bulk densities were then determined.

The constituents and particle sizes of raw materials of the two
different kinds of pellets made, PLT1 and P L T 2 (with different size
limestone particles), and their bulk densities after sintering are given in
Table 5.1. For comparison, two kinds of tablets, TLT1 and TLT2, were
prepared with the die as before, using the s a m e materials as for the
pellets PLT1 and PLT2, respectively (Table 5.1), and were also sintered
at 1270 °C for 10 minutes. The two tablets shown in Figs 5.1(b) and 5.2
(b) were chosen from a number of tablets of various bulk densities to
have about the s a m e densities as those of the two pellets respectively.

Table 5.1 Constituents and particle sizes used and the
bulk densities of the pellets and tablets

Df
(urn)

Dc
(am)

Xc

Pb

(%)

(g/cm3)

PLT1

-125

-53

14.5

3.031

PLT2

-125

250-300

14.5

2.792

TLT1

-125

-53

14.5

3.187

TLT2

-125

250-300

14.5

2.894

NB: rv

bulk demsitv of the pellets; and the tablets after

sintering.
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The pore structures of the pellets and the tablets are shown in
Fig.5.1 and Fig.5.2. Comparison of the pore structure of pellet
PLT1(Fig.5.1.(a)) and that of tablet TLT1(Fig.5.1.(b)) m a d e from the
s a m e materials as for pellet PLT1 shows that there were a few relatively
large pores in pellet PLT1. These large pores were probably from the
voids between s o m e initial small balls which later formed a single ball
during pelletizing. Otherwise the pore structure of pellet PTL1 and that
of tablet TLT1 were very much the same. Similarly, the pore structure of
pellet PLT2 and that of tablet TLT2 m a d e from the s a m e materials as for
pellet PLT2 were very much the s a m e as shown in Fig.5.2. Also, as can
be seen in Figs.5.1 and 5.2, like in the case of tablets, the larger the
limestone particles, the larger were the pores formed (note: the effect of
the difference in density between these samples w a s estimated to be
only small).

As the iron ore used for the above pellets and tablets was actually
a mixture of multi-sizes, the above results suggest that the effect of
limestone particle size on pore formation w h e n multi-size iron ore
particles were used w a s similar to that w h e n mono-size iron ore
particles were used. The

above results

also suggest that the

fundamental pore formation mechanism in the pellets was the s a m e as
that in the tablets. S o tablets could be used to simulate the pore
formation process in pellets and, therefore, the results obtained with
tablets and discussions in the previous and the following Chapters
could all be applied to pellets.

Fig.5.1.

Pore structures in PLT1 (a) and TLT1 (b). x16.3.

5.2.

Pore structures in PLT2(a) and TLT2(b). x16.3.
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In the case of acid pellets, if the gangue content is low and no
other additive is used, the only source of the pores in the product is the
voids between iron ore particles and inner pores of iron ore particles. If
temperature is not too high, all the voids will b e c o m e pores and be
open. But temperature usually has to be high to enhance bridging
between, and coalescence of, iron ore particles in order to have high
strength [10,58]. W h e n bridging and coalescence occur significantly,
s o m e voids will disappear and s o m e will become isolated.
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CHAPTER 6.
PORE FORMATION IN REAL SINTER

Compared with pellets, the pore formation process in sinter is
more complicated for the following reasons:

(1) The range of particle size distribution of raw materials is
much wider.

(2) Coke is always used. As addition of coke had an effect on
the pore formation in the tablets m a d e from iron ore, limestone and
coke (Section 3.4), it could have an effect on pore formation in
sinter too. Also, as the temperature is dependent on the
combustion of coke particles, the temperature could vary from
place to place.

(3) A flow of air is always present. There seems to be a belief
that the air flow through the sintering bed could have a significant
effect on pore formation as it might pass through the liquid phase.
But such an effect is far from being clear.

Some initial work has been done to investigate the characteristics
of pore formation in sinter in the present work and the results are
presented below.
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6.1 Phenomena of pore formation at sites of limestone and coke
particles in sinter

Simple experiments were done first to test if pores were formed at
the sites of limestone particles.

It is often observed that there are unreacted or partially reacted
limestone (or C a O ) particles on s o m e sinter lumps, particularly in areas
near the side edges of the sintering bed due to the low temperature
there. A number of such sinter lumps with unreacted limestone (or
C a O ) particles of various sizes from a sintering plant were heated in a
muffle furnace at 1290 °C for 20 minutes. And it w a s found that all those
limestone (or C a O ) particles except s o m e very large ones (over 1 5 m m )
completely disappeared

and at their sites were pores formed, as

shown in Figs.6.1 and 6.2. After further heating , those very large
limestone particles also completely disappeared and pores were
formed at their sites.

These results suggest that pores are formed at the sites of
limestone particles in real sinter.

Attempts were also made to find direct proof of whether pores were
formed at sites of coke particles during sintering. It w a s not as easy to
recognize with naked eyes those unreacted or partially reacted coke
particles as to recognize limestone particles on surfaces of sinter lumps
due to the very little contrast between coke and sinter. So a different

(a)

Fig.6.1.

A n unreacted limestone(or lime) particle in a sinter lump
(a) and the pore formed at its site after heating at 1290°C
for20min(b). x1.0.

(a)

Fig.6.2.

(b)

(b)

A large unreacted limestone(or lime) particle in a sinter
lump (a) and the pore formed at its site after heating at
1290°Cfor20min(b). x1.0.
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approach w a s adopted. A number of sinter lumps produced from
sintering pot tests (P4 in Table 6.3) with narrow range size ( 2 - 5 m m )
coke particles being used

were polished and examined on a

microscope. All the remainders of coke particles observed in these
polished lumps were found to be in pores (Figs.6.3-6.5), similar to the
results obtained with the tablets in Section 3.2.

Figure6.3(a) shows the remainder of a coke particle in a pore.
Figure6.4 shows the remainder of another coke particle in a pore. The
structure of the mineral part w a s not very clear in these photographs as
a low magnification had to be used when taking the photographs due to
the large sizes of the pores. The little black dots on the right hand side
of the photograph in Fig.6.4 were little cavities left by diamond spray
during polishing. It seemed to be difficult to avoid either such dots or
scratches or reliefs w h e n polishing such large specimens (lumps).
Figure6.5(a) shows a very small residual quantity of coke (in the marked
square) in a pore, which can be seen more clearly at a higher
magnification in Fig.6.5(b). It w a s often observed that there were Fe30 4
layers in the vicinity of such pores, as shown in Fig.6.3(b) and Fig.6.5(b)
(the whole mineral part shown in Fig.6.5(b) is within the Fe304 layer),
suggesting a reducing atmosphere around coke particles during
combustion.

These results suggest that pores are formed at sites of coke
particles in real sinter when they burn off.

Remainder of a coke particle

Fe2Q3

Fig.6.3.

Fe304 layer

Remainder of a coke particle in a pore in sinter (from pot
test P 4 in Table 6.3) (a) and F e 3 0 4 layer in the vicinity (top
left) of this pore(b).
(a) x16.3; (b) x82.

Remainder of a coke particle

&afofl
Fig.6.4.

Remainder of a coke particle in a pore in sinter (from pot
test P 4 in Table 6.3). x16.3.

Remainder of a coke particle

Fig.6.5.

A very small residual quantity of coke(in the marked
square) in a pore in sinter(from pot test P4 in Table 6.3).
(a) x16.3; (b) x82.
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Further experiments were conducted with a sintering pot to
investigate the effects of particle sizes of limestone and coke on pore
formation in sinter, as will be discussed in next Section, and the results
also provided further poof to the above results.

6.2 Effects of particle sizes of limestone and coke on pore formation
in sinter

The experiments were done with a sintering pot at Raw Materials
Investigation Laboratory of BHP's Port Kembla Steel Works. Iron ore,
limestone and coke were used as raw materials and no other additives
were used. The iron ore was Mt N e w m a n hematite ore, same as that
used at BHP's Port Kembla sintering plant, with the composition and
particle size distribution shown in Table 6.1 and Table 6.2, respectively.
The composition of the limestone was the same as that in Table 2.1 of
Chapter 2. The fixed carbon content of the coke was 8 9 % . The same
iron ore was used for all the experiments, while the particle sizes of
limestone and coke were changed. The constituents and particle sizes
of the raw materials for the experiments are shown in Table 6.3.

Table 6.1 Composition of the iron ore (Mt Newman)(wt%)
TFe

Si02

AI2O3

CaO

MnO

MgO

P2O5

KiO

62^9

5^0

2A

120

^04

M

!674

1)33

Ti0 2
A0~
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Table 6.2 Particle size distribution of the iron ore(Mt N e w m a n )

mm

+11.2

+8.0

+4.0

+2.0

%

0

2

21

37

Table 6.3

No.

+1.0 +0.250 +0.063 -0.063

51

67

79

21

Constituents and particle sizes of raw mixes of
the sintering pot experiments

H20

Pi

AH
t
Pb
3
(min)
(g/cm ) (g/cm ) (mm)

Dc
(mm)

(mm)

P1

-0.5

-0.5

7.27

1.912

P2

2-5

-0.5

5.40

P3
P4

-0.5

2-5

2-5

2-5

Dck

(%)

3

BPU
(m/min)

33

27.5

38.7

1.892

1.851
1.828

36

57.2

5.91

1.961

1.852

32.6

5.47

1.918

1.729

36
1

32.6
37.2
36.5

73.0

The constituents of the raw mix were the same for all experiments:
81.31% iron ore, 14.18% limestone and 4.51% coke.

Schematic diagram of the sintering pot is shown in Fig.6.6. The
inner diameter of the pot was 3 0 5 m m and the bed height was 407 m m
including a 35 m m of hearth layer. The experimental procedure was as
follows.

The dry raw materials, i.e. iron ore, limestone and coke with the
proportions shown in Table 6.3, were mixed and granulated, with water

6-5

I

Air
Anemometer

Hood
Water sealing
Top ring
Gasket
Removable
pot
Refractory
Grate bar

To manometer

To suction fan

Fig.6.6. Schematic diagram of the sintering pot
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added, in a drum mixer for 6.5 minutes. Then the mix w a s charged into
the pot till it w a s fully filled. For test P4, the pot w a s gently shaken as the
mix w a s being charged in order to have a bulk density close to others.
The permeability (BPU) of the bed before ignition w a s measured. The
bed w a s then ignited (the ignition time w a s 1.5 minutes). In order to
obtain a uniform ignition, a spacer ring (same diameter as the pot and
1 5 0 m m high) w a s put on the pot during ignition. Sintering process then
followed till it reached the end. The air flow rate when measuring the
permeability before ignition and during sintering after ignition w a s
measured by a vane anemometer mounted at the neck of the hood,
which w a s sitting on the top ring with their contact being water sealed.
The contact between the top ring and the pot w a s sealed by a gasket
(the spacer ring w a s removed). The air flow rate, s a m e for all the
experiments, w a s kept in the range of 1.81 to 2.01 m 3 /min during
sintering process except near the end when the permeability w a s much
higher and the air flow rate tended to be slightly higher after the
controlling valve reached its limit. At the end of sintering, the shrinkage
of the bed height (AH) w a s measured to determine the bulk density of
the product.

The moisture content (H20%) of the raw mix, the permeability
(BPU) of the bed before ignition, the initial bulk density (Pb) of the bed
excluding the hearth layer before sintering, the bulk density (P b ) of the
bed excluding the hearth layer after sintering and the sintering time (t)
are all shown in Table 6.3. The permeability of the bed before ignition
was calculated according to the following equation [71],
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BPUQK' 6
A\APJ
where Q is the air flow rate, m3/min,
A is the section area of the bed, m 2 ,
H is the bed height, m m ,
A P is the suction pressure, m m H 2 0 .

The moisture contents of the raw mixes for P2, P3, and P4 were
close to each other (between 5.40% and 5.91%), while it w a s higher for
P1 (7.27%). Preliminary tests showed that with raw materials similar to
that for P1, when the moisture content w a s 5.5%, the permeability was
too low and as a result, the sintering profile in the bed w a s very uneven
(air flow mainly passed through near the wall) and the sintering time
was very long. W h e n a moisture content of 7.27% was used for P1, the
permeability w a s improved effectively and sintering profile in the bed
appeared to be uniform. The bulk densities of the beds of all the four
tests before sintering were close to each other, this means that the initial
porosities of the beds were close to each other. The bulk densities of
P1 ,P2 and P3 after sintering were still close to each other, while the
bulk density of the bed of P 4 after sintering w a s slightly lower due to
less shrinkage, this m e a n s the porosity of the bed of P 4 after sintering
was slightly higher than the others.

As pointed out above, the air flow rates were the same for all the
four tests, but the sintering times were not the same, as shown in Table
6.3. There might also be s o m e difference in the sintering temperatures,

Chapter 6 Pore Formation in Real Sinter

6-8

as coke particle size and also the moisture content could have an
influence on the temperature. It appears that unlike the experiments
with tablets m a d e from only iron ore and limestone, which were heated
in the electric furnace, it is quite difficult to keep other parameters
constant w h e n one parameter is changed in experiments with a
sintering pot, as these parameters are inter-related to each other. In
spite of these differences between the four tests, which might have
s o m e effect on the pore formation, the experimental results showed a
good correlation between the structures of the sinter products and the
constituents and the structures of the raw mix beds before sintering and
could be fairly well explained, as the limestone particle size and the
coke particle size appeared to be the dominant factors on the pore
formation.

After sintering, representative sinter lumps were impregnated with
resin and polished for examination on microscope. Samples were also
taken from the raw mixes and were charged into containers and after
drying in an air oven, they were impregnated with resin and then
polished for examination on microscope. For comparison of the pore
structure of the sinter product and the structure of the raw mix in the bed
before sintering, the bulk density of the raw sample in the container (p°)
for each test w a s m a d e to be
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i.e. it was higher than the initial bulk density (Pb) of the raw mix in the
bed before sintering to allow for the dimensional change of the bed
during sintering. In other words, the final result w a s such as if no
dimensional change had occurred.

The pore structures of the sinter products are shown in Figs.6.76.10. These photographs were taken with a normal camera instead on
the microscope in order to show the overall structures due to the wide
range of particle sizes and the wide range of pore sizes. Photographs of
the raw samples were also taken in the s a m e way, but at such a low
magnification it appeared difficult to distinguish between iron ore,
limestone and coke particles, except between those large limestone
particles and the rest, so schematic diagrams instead of the
photographs will be provided later to illustrate the structure
characteristics of the raw mixes. Schematic diagrams will also be
provided to show the structure characteristics of the sinter products and
therefore the characteristics of the pore formation.

To characterize the pore formation, the pores in the product were
qualitatively divided into two groups: 1) the apparent large pores, and
2) the small pores, which appeared to be mainly existing in the liquid
phase matrix and in the relic iron ore particles, as shown in
Figs.6.7-6.10.

Figures 6.7-6.10 show that the pore structure varied obviously
when limestone particle size or / and coke particle size were changed. It
is clear that the large pores were:

Fig.6.7.

Pore structure of the sinter product of P1.

x1.0.

^J^J^.
Fig.6.8.

Pore structure of the sinter product of P2. x16.3

Fig.6.9.

Pore structure of the sinter product of P3.
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Pore structure of the sinter product of P4. x1.0.
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(i) the smallest when both fine limestone particles (-0.5mm) and fine
coke particles (-0.5mm) were used (P1);
(ii) the largest when both coarse limestone particles (2-5mm) and
coarse coke particles (2-5mm) were used (P4), and
(iii) in between when coarse limestone particles (2-5mm) and fine
coke particles (-0.5mm) (P2) or when fine limestone particles (0.5mm) and coarse coke particles (2-5mm) (P3) were used.

As pointed out above, the bulk density of the sinter product of P4
(D c =2-5 m m , D C k = 2 - 5 m m ) w a s slightly lower (i.e. the porosity was
slightly higher) than the others, but the effect of such a difference in the
bulk density on pore size w a s estimated to be only small compared with
the big difference in pore size between P4 and the others.

These results were in accordance with the results given in
previous Chapters in the sense that the larger the limestone and coke
particles were used, the larger were the pores formed. However, it was
obvious that the sizes of some large pores were much larger than the
corresponding particle sizes of the limestone and coke used. For
example, in P 4 (Fig.6.10), the sizes of some large pores were over three
times the particle sizes of the limestone and coke. In P1 (Fig.6.7), the
sizes of the large pores were more than 10 times the particle sizes of
the limestone and coke. The reasons for this will be given in what
follows.
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The schematic diagrams in Fig.6.11 and Fig.6.12 show the
structure characteristics of the raw mixes and sinter products and the
characteristics of pore formation in P1 and P4 respectively.

(1) P1 (Dc = -0.5mm and DCk = -0.5mm).

For convenience of discussion, the iron ore particles were
divided qualitatively into four groups: large(3-11mm), medium (0.53 m m ) , small (0.3-0.5 m m ) and very small (-0.3mm), and limestone
and coke particles were divided into two groups: small (0.3-0.5
m m ) and very small (-0.3 m m ) .

As the diagram (Fig.6.11(a)) shows, agglomeration occurred
in the raw mix. Very small particles of iron ore, limestone and coke
were agglomerated on the surface of large and medium particles
of iron ore to form quasi-particles. Small particles of iron ore,
limestone and coke were located in between these quasi-particles.

The structure of the layers of very small particles on the large
and medium size iron ore particles w a s very much like that of
tablets (or pellets) m a d e from such materials. Hence, pores could
be formed at the sites of limestone and coke particles and remain
during sintering if not too much liquid phase w a s formed. But, as
illustrated in Fig.6.11(b), in the layers on the large and medium
iron ore particles after sintering, there were some small pores, but
not that many, as such layers nearly completely became liquid due
to the high local limestone content (similar to that in Section 4.3)

@ ) iron ore
<£ limestone

10

• coke

» 4 *>

(a)

V
liquid phase
o

Small pores

large pores

Fig.6.11.

Schematic diagram showing the characteristics of pore
formation in P1.
(a) The structure characteristics of the raw mix in the bed;
(b) The structure characteristics of the sinter product.
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and high coke content in such layers (higher local content of coke
would m e a n a higher local temperature). It w a s also possible that
the liquid from where the large pores were formed (as discussed
below) flowed to such layers and enhanced the dissolution of the
iron ore particles on such layers.

As in the case of the tablets, liquid filled partially or
completely s o m e inner pores of the iron ore particles.

So, the small pores in the product of P1 consisted of the
existing pores which were formed at sites of limestone and coke
particles, the unfilled and partially filled inner pores of iron ore
particles and possibly s o m e remaining pores from the voids
between the very small iron ore particles.

The large pores were formed between these quasi-particles
which had large or medium size iron ore particles as nuclei , when
the small coke particles burned off and the small iron ore particles
in

between these quasi-particles were melted completely

together with the small limestone particles due to high local
limestone content and then flowed away. This explains why the
large pores were so much larger than the limestone and coke
particles. W h e n the liquid flowed away, it could fill s o m e other
voids, or dissolve iron ore particles around, e.g. on the layers of
the quasi-particles.

P4 (Dc = 2-5mm and DCk = 2-5mm)
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As Fig.6.12(a) shows, w h e n coarse limestone particles
( 2 - 5 m m ) and coarse coke particles ( 2 - 5 m m ) were used,
agglomeration occurred too, but not quite the s a m e as in P1.
Layers of very small iron ore particles were formed on the large
and medium iron ore particles, on the limestone particles and on
the coke particles to form quasi-particles. In the following the
quasi-particles formed on the large iron ore particles will be called
as large iron ore quasi-particles and those formed on the medium
iron ore particles will be called as m e d i u m

iron ore

quasi-particles.

The large pores in P4 may be broadly divided into two subgroups: 1) the very large pores, and 2) the relatively not so large
pores. The relatively not so large pores were believed to be
formed at sites of single limestone particles and single coke
particles. And according to the microstructures of the raw sample
and the product, the very large pores were formed for the reasons
given below.

Comparatively, in the case of P1, all the limestone and coke
particles were fine and were dispersed more uniformly, while in
the case of P4, all the limestone and coke particles were large and
more concentrated in between the large iron ore quasi-particles.
In other words, the local contents of limestone and coke were
higher in such areas.

As a result, the medium iron ore

quasi-particles between s o m e of the large iron ore quasi-particles
were dissolved completely and flowed away, thus leaving very

.<©
1% +*^> *> e t>

(a)

Fig.6.12.

Schematic diagram showing the characteristics of pore
formation in P4.
(a) The structure characteristics of the raw mix in the bed;
(b) The structure characteristics of the sinter product.
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large pores being formed in between the large iron ore
quasi-particles. It could probably be equivalents said that the very
large pores in P 4 were due to the fact that s o m e limestone
particles or / and coke particles were located together and acted
as much larger particles.or close enough to each other and acted
as much larger particles when the iron ore particles in between
them completely became liquid and then flowed away, i.e. similar
to that discussed in Sections 3.1 and 4.1.

The small pores in P4 are believed to be from those unfilled
or partially filled inner pores of iron ore particles and possibly the
unfilled or partially filled voids between s o m e very small iron ore
particles.

The micro-porosities ( pores smaller than 200u.m) in sinter
samples (particles of 2 - 4 m m

prepared from the materials

representatively taken from the products) of P1 and P 4 were tested
with mercury porosimetry and the results showed that the microporosity of P1 w a s 19.1cm3/g, while the micro-porosity of P 4 was
14.3cm 3 /g, suggesting that s o m e of the pores formed at the very
small limestone and coke particles might have remained during
sintering.

P2 (Dc = 2-5mm and DCk = -0.5mm) and
P3 (D c = -0.5mm and D C k = 2 - 5 m m )
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The dispersion of raw materials and the structures in the raw
mixes of P 2 and P 3 were the combination of part of P1 and part of
P 4 and, therefore, the pore structures were the combination of part
of P1 and part of P4. The sizes of the large pores were between
those of P1 and those of P4.

6.3 Effect of the air flow through the bed on pore formation

As pointed out at the beginning of the present Chapter, there
seemed to be a belief that the air flow through the sintering bed might
play a significant role in the pore formation in sinter. This w a s probably
due to the concern that the air flow might pass through the liquid phase
in the combustion zone and cause pores or channels to be formed. It
was sometimes said that the large pores in sinter might be caused by
the air flow. There did not, however, appear to be any convincing
experimental evidence of this.

It would be ideal, if possible, to observe the pore formation process
in sinter in situ, like the test on the pore formation in the tablets on the
hot stage microscope (Section 3.1) to prove whether or not the air flow
could cause any pores to be formed.

The above results may already suggest that the pores in sinter
were not caused by the air flow. To provide further evidence, the
following experiments were conducted to investigate the effect of the
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limestone particle size on the pore formation in a " very small scale pot
under the condition of no air flow present, using the same iron ore and
limestone used for the above pot tests P1-P4, so as to test if there
would be any significant difference between the pore structures with
and without air flow, i.e. to test if air flow could have any significant
effect on the pore formation.

The procedure of the experiments was as follows.

Two samples, SPA and SPB, were made from 85.16% iron ore
(same as that used for the above pot tests) and 14.84% limestone (0.5mm and 2 - 5 m m for S P A and SPB, respectively), with a sample
weight of 182g (same for S P A and SPB). The proportions of the iron ore
and limestone used here were the same as for the above pot tests if
coke was excluded. For simplicity, coke w a s not used.

First, the dry iron ore and limestone were mixed together, with
water added. The moisture content of the mix of S P A and that of S P B
were 6.4% and 6.2%, respectively. The mix was then completely
charged into a basket (the "very small scale pot"), which was just fully
filled. The baskets were m a d e from K A N T H A L wire; the length, width,
height and volume of the baskets were 6.1mm, 5.1mm, 3.1mm and
96.44cm3, respectively. The bulk density of the sample (the "bed") was
1.887g/cm3 (same for S P A and S P B ) , i.e. close to those of the pot tests.

After drying, the samples were sintered in a muffle furnace at
1285°C for 25 minutes. S P A shrank vertically by 1 m m and S P B shrank
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vertically by 2 mm. The bulk densities of SPA and SPB after sintering
were 1.795 and 1.857 g/cm3, respectively, i.e. close to those of the pot
tests. The sintered samples were impregnated with resin and then
polished for examination.

The structures of SPA and SPB after sintering are shown in Figs.
6.13 and 6.14, respectively.

Let us now consider, respectively, whether the air flow could have
any effect on the formation of the large pores and the small pores as
classified earlier.

(1) The large pores,
As shown in Figs 6.13 and 6.14, it is obvious that large pores
were again formed in S P A and S P B under the condition of no air
flow present and that the large pores in S P B were larger than
those in SPA, i.e. the larger the limestone particles were used, the
larger were the large pores formed, similar to the results obtained
from the pot tests. It can also be seen from Figs.6.7, 6.8, 6.13
and 6.14 that the structure of the large pores in S P A (D c =-0.5mm)
was similar to that in P1 (D c =-0.5mm, D c k =-0.5mm) and that the
structure of the large pores in S P B ( D c = 2 - 5 m m ) was similar to that
in P 2 ( D c = 2 - 5 m m , D C k=-0.5mm ). However, there were some
differences in the size of the large pores between S P A and P1 and
between S P B and P2, respectively, which were probably caused
by the sintering conditions for S P A and S P B not being exactly the

Fig.6.13.

Pore structure of S P A after sintering. x1.0.

Fig.6.14.

Pore structure of S P B after sintering. x1.0.
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s a m e as for the pot tests P1 and P2, respectively, and also by the
fact that coke w a s not used for S P A and S P B . Microscopic
examination showed that the large pores

in S P A and S P B

appeared to be formed in very much the same ways as in P1 and
P2, respectively.

These results therefore strongly suggest that the large pores
in sinter were not caused by the air flow.

The small pores,
As shown in Figs. 6.13 and 6.14, like in P1, P2, P3 and P4,
there were also some small pores in S P A and SPB. Although it is
difficult to tell exactly just from this observation whether air flow
could cause any small pores to form, this is believed unlikely, as
explained below.

First of all, it was very unlikely that a whole liquid phase layer
would be formed in the combustion zone. Instead the liquid phase
was more likely being gradually formed and the pores, including
the large and the small pores, were formed at the same time. Also,
almost all the large pores were observed to have been connected
to each other and were open. So it was very unlikely that the air
flow would need to pass through the liquid phase to form small
pores as it could easily go through the large pores and probably
some open small pores.
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Therefore it may be concluded that the air flow through the
sintering bed is very unlikely to cause any pores to form in sinter.

6.4 Classification of pores in sinter

In Sections 6.2 and 6.3, to characterize the pore formation in
sinter, the pores in sinter were qualitatively divided into two groups, i.e.
the large and the small pores, and the large pores (in P4) were then
divided into two sub-groups, i.e. the very large pores and the relatively
not so large pores. The pores in sinter m a y also be classified in the
same w a y as for the tablets (Section 3.4). In addition to the five Types
of pores classified in Section 3.4, a specific Type of pores, Type 6, may
be classified in sinter, or more generally in sinter and pellets, i.e. those
pores formed w h e n iron ore particles between some limestone particles
or/and coke particles are all completely melted and then flow away, like
the large pores in P1 and the very large pores in P 4 (similar
phenomena were also observed in the tablets as discussed in Chapters
3 and 4).

6.5 Some remarks

It may be important to point out that in industry limestone and coke
particles should be smaller than certain sizes, or the large particles
should be eliminated, for the following reasons.
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The larger the limestone and coke particles, the larger are
the pores formed but their numbers are smaller and therefore the
lower is the surface area available as discussed in Section 4.1
and Section 8.1. W h e n very large limestone and coke particles are
used, then, according to the above results, very large pores will be
formed and this would be bad for the reducibility if not also for the
strength.

(2) If limestone particles and coke particles are too large they
would not be completely reacted, particularly in areas near the
side edges of the sintering bed. Not only would this lower the
productivity but also the remainder of lime from the limestone in
the product would cause cracking and lower the strength as is
generally known [76 ].

(3) It is obvious that the unreacted limestone and coke are a
waste of materials.
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CHAPTER 7.
ACHIEVEMENT OF AN OPEN PORE STRUCTURE

7.1 Importance of an open pore structure

For high sinter (pellet) reducibility, it is desirable to have all pores
open. Without pores or with pores which are all closed, reduction
reaction can only proceed through the external surface, following a so
called " shrinking core model", and reducibility is usually low. With an
open pore structure, i.e. with all pores being open, reducibility will be
improved as diffusion of reactant gases through the solid lumps will be
easier and surface area available for reaction will be higher. Further
more, with an open pore structure it might be possible to achieve high
reducibility and high strength simultaneously, as will be discussed in
Chapter 8.

As discussed in Chapter 4, it is possible to have all the pores
open by having a very high porosity, but very high porosity would be
detrimental to strength. Therefore it is important to find ways to achieve
an open pore structure at relatively low porosity. The principle of how
to achieve an open pore structure will be first analyzed quantitatively in
a mono-size iron ore particle system and then be tested

by

experimental results. Then the characteristics of pore formation in a
binary iron ore particle system and h o w to achieve an open pore
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structure in binary iron ore particle system and multi-size iron ore
particle system will be discussed.

7.2 Fundamental considerations on the formation of an open pore
structure

Iron ore / limestone tablets will be used and the discussions will be
confined to possible ways to make open Type 1 pores (i.e. pores formed
at the sites of limestone particles), Type 2 pores (i.e. unfilled or partially
filled voids between iron ore particles) and Type 3 pores (i.e. unfilled or
partially filled inner pores of iron ore particles), as they are the main
types of pores in such a system.

7.2.1 Type 1 pores

There are two different cases that could be discussed.

Case 1: Only a very small proportion of the voids between iron
ore particles are filled by liquid, for example when the amount
of limestone is low. A s shown in the schematic diagram in
Fig.7.1, with low amount of limestone, only s o m e

voids

around the limestone particles could be fully or partially filled.
To have the pores formed at sites of limestone particles open
requires that:

Iron ere

liquid phase

pores formed at sites
of limestone particles

Fig.7.1.

Schematic diagram showing a pore structure with low
amount of limestone.

Fig.7.2.

Schematic diagram showing a pore structure with large
amount of limestone.
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the porosity is not too low, so the liquid phase could flow
freely and that there will be no impermeable liquid
envelopes formed around such pores.

(ii) the rest of the voids between iron ore particles should
be open; hence, temperature should not be too high, as
at very high temperature bridging between and
recrystallisation of the iron ore particles and consequent
shrinkage could occur significantly [58] and, as a result,
these voids could disappear and an impermeable
structure could be formed.

In industry whether these two requirements could be
satisfied or not would depend on h o w high the sinter strength
needs to be. For high strength it could be difficult.

Case 2: All the voids between iron ore particles in which there is
no limestone particle are blocked, i.e. fully or partially filled by
liquid phase, for example, when the amount of limestone is
high. A s shown in the schematic diagram in Fig.7.2, in such a
case, to be all open, the pores formed at sites of limestone
particles must be connected to each other, with those near
the surface being open. This requires that:

(i) there is sufficient number of limestone particles and they
are uniformly dispersed so they are in actual contact
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with each other, or they are close enough for this
purpose.

(ii) the amount of limestone should not be too large and
temperature should not be too high, as otherwise all the
pores may become isolated or disappear, as discussed
in Sections 4.2 and 4.3.

These two requirements could be easily satisfied by
controlling the temperature and using proper particle size
and amount of limestone while still having high strength as
porosity is not necessarily required to be too high. An
example is the sample m a d e from 8 5 . 5 % iron ore
(125-250u.m) and 14.5% limestone (355-500u.m) sintered at
1280°C (Fig.4.3), which had reasonably high strength and
almost all the Type 1 pores in which appeared to be open.

Type 2 pores

To have all Type 2 pores open requires:

(i) high porosity.

(ii) small amount of liquid phase, i.e. low temperature and small
amount of limestone.
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These two requirements could be difficult to satisfy for both acid
and fluxed product, as the porosity cannot rise too high for both acid
and fluxed product in order to maintain reasonable strength and there
will be a certain amount of liquid in the case of fluxed product and the
liquid will tend to block s o m e voids between iron ore particles.

7.2.3 Type 3 pores

It may be impossible to have all inner pores open, as some of them
are originally not open before sintering and the liquid phase formed
during sintering will inevitably penetrate into and block s o m e inner
pores (Chapters 3 and 4).

In summary, the above analysis indicates that it may be impossible
to have all Type 3 pores open and that whether all the Type 1 and Type
2 pores could be open or not depends on h o w high the strength is
required to be. A possible way has been found in the present work to
have all Type 1 and Type 2 pores open at relatively low porosity, that is
to make all Type 2 pores be Type 1, as will be discussed in the next
section.

7.3 Achievement of an open pore structure in a mono-size iron ore
particle system
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7.3.1 The principle

It is elementary that in a packing of iron ore particles, all the
interparticle voids are connected to each other and are all open. So if
there could be at least one limestone particle in each of these voids and
the limestone content is not too high, every such void will become a
pore after sintering and all such pores could be connected to each other
and therefore be open. This idea is similar to that of liquid phase
sintering of porous bearings and filters [59-61].

To achieve such an open pore structure, the number of limestone
particles should be at least the s a m e as the number of the voids
between iron ore particles, as shown in Fig.7.3. In a packing of
particles, the number of the interparticle voids is related to the number
of the particles.

Let Np be the number of particles, and
N v be the number of voids between the particles.

Then for mono-size spherical particles the ratio a = Nv/Np only
depends on the packing patterns according to the cell units of the
packing patterns [62]. The tighter the packing is, the larger is the value
of a.

In a mix of iron ore and limestone particles, with Xc being the
weight percentage of limestone, w e have:

-*~ Iron ore

Limestone

(a) R a w sample

interconnected
pores
liquid phase

(b) Sintered sample

Fig.7.3.

Schematic diagram showing how to achieve an open pore
structure in a mono-size iron ore particle system.
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N c = 6 X C / 7tDc3pc
Nf = 6(1 - X c ) / 7cDf3pt

Nvf = 6a(1 -Xc)/JcDf3p(
where Nc, Nf — number of limestone particles and number of
iron ore particles, respectively,
Dc, Df — particle size of limestone and particle size of
iron ore, respectively, cm,
Pc — Pc=Ptc(1-ec) is the apparent density of
limestone particles, g/cm 3 , e c and ptc are the
porosity (%) and the true density (g/cm 3 ) of
limestone particles, respectively,
pf

—

pf =ptf(1-8f) is the apparent density of iron ore
particles,g/cm3, £f and ptf are the porosity (%)
and

the true density (g/cm 3 ) of iron ore

particles, respectively,
Nv*

—

number of voids between iron ore particles.

For Nc = Nvf = «Nf, one obtains:

D c = Df

a(1 - X c )

pc

Equation (7-1) is the condition for having just one limestone
particle in each void between iron ore particles if these limestone

Chapter 7 Achievement of An Open Pore Structure

7-8

particles are ideally uniformly dispersed in the voids. However, in
reality, this ideal dispersion can hardly be realized due to the nature of
the inevitable segregation. For example, if the number of limestone
particles is just equal to the number of voids, s o m e voids m a y not have
any limestone particle, while s o m e m a y contain more than one.
Therefore, to make sure every void has at least one limestone particle,
the number of limestone particles should be somewhat greater than the
number of voids.

Let

N c = pN v f = apN f , then:

>P(1-Xc)

(7-2)

Pc

The value of p depends on the mixing uniformity between iron ore
and limestone particles. Clearly (5>1.0, with equality only when the
mixing is ideally uniform.

Eqn. (7-2) can be equally applied to non spherical particles
provided that iron ore and limestone particles are of s a m e kind of
shapes. If they are of different kinds of shapes, as the shape of particles
has an effect of the number of particles per unit mass, another
parameter 7 needs to be introduced in eqn. (7-2) so it can still be
applied, then eqn. (7-2) becomes

Dc=Df

f

Xc

Pf

4

,a(3y(1-Xc)

Pc

/

(7-3)
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y m a y be greater or smaller than 1.0 depending on the shapes of iron
ore and limestone particles and Y=1.0 when they are of s a m e kinds of
shapes.
The values of pf and p c could be easily measured for given
materials. The values of a, p and y need to be determined for given
materials and given mixing and packing conditions. Instead of
determining, respectively, the values of a, p and y, an alternative is to
combine the three of them together, i.e. let (p=apy, and determine the
value of (p. O n substitution of (p, eqn.(7-3) then becomes

Dc = D f f - ^ - ^ M
Up(1-Xc)

3

(7-4)

pc

The value of cp m a y be estimated by experiments for certain Df and X
and it then m a y be used for other values of Dfand X under similar
mixing and packing conditions.

If eqn. (7-3) or (7-4) is satisfied, then there will be at least one
limestone particle in every void and an open pore structure should be
achieved after sintering, subject to the following constraints:

(i) The total amount of liquid should not be greater than a certain
value beyond which severe rearrangement and shrinkage m a y
occur and all the pores m a y become isolated or disappear. In this
connection it m a y be useful to bear in mind that the amount of
liquid depends on the temperature and the amount of limestone
according to the phase diagrams. S o temperature should not be
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too high and the amount of limestone should not be too large, as
the results in Section 4.2 and Section 4.3 have already shown.
The limits to temperature and amount of limestone depend on the
level of each of these two parameters and are related to the phase
diagram, but practically they should be determined for given
conditions experimentally at this stage due to the complexity of the
reactions occurring during sintering and the likelihood that the
equilibrium m a y not be reached.

(ii) Similarly, the local amount of liquid should not be too high.
This requires that limestone particles are fairly uniformly
dispersed.

(iii) The basic idea to achieve open pore structure is to have at
least one limestone particle in every void between iron ore
particles.

With mono-size limestone particles, eqn. (7-4) is

perfectly valid.

With multi-size limestone particles, the D c

calculated from eqn. (7-4) should be the upper limit of limestone
particle size for the sake of not having too high an amount of liquid
phase locally.

The relations between the variables in eqn. (7-4) are apparent, i.e.
the smaller the iron ore particle size, the smaller the required limestone
particle size should be to achieve open pore structure. For a given iron
ore particle size, the lower the amount of limestone, the smaller the
required limestone particle size should be.
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If the amount of limestone is very low there will not be enough
liquid to join the iron ore particles together and to have high strength,
high temperature would then have to be used to enhance the bridging
between iron ore particles. However, the pores resulting from such
bridging could become isolated, or even disappear, if the bridging is
excessive. S o from this point of view the amount of limestone should
not be lower than a certain lower limit.

Furthermore, for a given mono-size iron ore particles, when such
an open pore structure is formed, the pore structure is also the most
uniform one possible, the number of pores m a y be the greatest one
possible and the surface area m a y be the highest one possible for a
given porosity if the number and the wall surface of Type 3 pores do not
vary much with limestone particle size.

7.3.2 Experimental verification

Experiments were done to test eqn.(7-4). As it was not possible to
use real mono-size particles, narrow range size particles were used
and it w a s assumed that the number of the particles m a y be determined
from the arithmetic m e a n size. T w o different particle sizes of iron ore,
188u.m(125-250u.m) and 855u.m(710-1000^m), respectively, and
various particle sizes of limestone for each iron ore particle size were
used. The apparent densities of the iron ore particles and the limestone
particles were determined according to the equations given in Section
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7.3.1, from the true densities of the particles measured by the method
given in Chapter 2 and the porosities of the particles measured with a
microscope by point-counting on polished sections. The values of
apparent density for the iron ore particles of 188u.m, the iron ore
particles of 855u.m and the limestone were 4.524g/cm3, 4.435g/cm 3
(which w a s slightly lower than the former due to its slightly higher
porosity) and 2.759 g/cm 3 , respectively. In the size range of the
limestone particles concerned, the difference in the density between
different size fractions w a s negligible, as the limestone w a s very pure,
as mentioned in Chapter 2, and its porosity w a s very low, being less
than 2 % .

The first set of experiments were done to estimate the value of <p in
eqn.(7-4). The samples were m a d e from 85.5% iron ore of 188u.m and
14.5% limestone of different sizes, with initial porosities in the range of
37.10.% to 38.31% and were sintered at 1280°C for 7 minutes. A linear
dimensional swelling of 2.12% to 3.34% occurred during sintering. The
results showed that when the limestone particle size w a s 100u.m
(75-125u.m), there w a s at least one limestone particle in most of the
voids, but there w a s not any limestone particle in s o m e of the voids
(Fig.7.4(a)) and, as a result, after sintering, most of the voids became
open pores, but s o m e did not, as shown in Fig.7.4(b).

Further experimental results showed that, at about a limestone
particle size of 64u.m (53-75u.rn), almost all voids had at least one
limestone particle (Fig.7.5(a)) and, correspondingly, almost all voids

Fig.7.4.

Structures of the sample before(a) and after(b) sintering.
x41.
D f = 125-250um, D c =75-125u,m, X c = 1 4 . 5 % ,
T = 1280°C, t = 7min.

7.5.

Structures of the sample before(a) and after(b) sintering.
x41.
D f = 125-250u.m, D c =53-75nm, X c = 14.5%,
T=1280°C, t = 7min.
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became open pores after sintering (Fig.7.5(b)), thus an open pore
structure was formed.

Then, according to eqn.(7-4), for Df = 188u.m, Dc=64mm, Xc =
14.5%, rf = 4.524 g/cm3, rc = 2.759 g/cm3, calculation gave j=7.05.

When smaller size limestone particles (22-31 u.m) were used, the
number of limestone particles in each void w a s increased and their
dispersion appeared to be more uniform (Fig.7.6(a)). Consequently,
after sintering, the open pore structure w a s slightly more uniform
(Fig.7.6(b)).

The second set of experiments were done to test eqn.(7-4) with the
value of j obtained from the first set of experiments. The samples were
m a d e from 85.5% iron ore particles of 855jim and 14.5% limestone
particles of different sizes (the iron ore and limestone particles were
mixed and packed in very much the s a m e way as for the first set of
experiments), with initial porosities in the range of 34.61% to 35.18%,
and sintered at 1265°C for 20 minutes. A linear dimensional swelling of
8.24% to 8.83% occurred during sintering. According to eqn.(7-4), for
D f =855u.m, rf=4.435 cm 3 /g, rc=2.759, X c = 1 4 . 5 % and j=7.05 as
obtained above, the calculated D c was 289u.m. Experimental results
showed that with D c =390u.m (355-425u.m), the pore structure was not
an open pore structure yet but not far removed from it. With D c =
275u.m (250-300u.m), which w a s close to 289u.m, an open pore
structure was almost achieved (Fig.7.7), suggesting that the calculated
result and the experimental result agreed well. W h e n limestone

Fig.7.6.

Structures of the sample before(a) and after(b) sintering.
x41.
D f =125-250(im, D c =22-31 u.m, X c = 14.5%,
T=1280°C, t = 7min.

Fig.7.7.

Pore structure of the sample after sintering. x16.3.

Df = 0.71-1 .Omm, Dc =250-300u.m, Xc=14.5%,
T = 1260°C, t = 20min.

Fig.7.8.

Pore structure of the sample after sintering. x16.3.
Df = 0.71-1 .Omm, D c =180-21 2UJTI, X c = 14.5%,
T=1260°C, t = 20min.

Fig.7.9.

Pore structure of the sample after sintering. x16.3.

Df = 0.71-1 .Omm, Dc =90-106um, Xc = 14.5%,
T=1260°C, t = 20min.

Fig.7.10.

Pore structure of the sample after sintering. x16.3.

Df = 0.71-1 .Omm, Dc =53-75u.m, Xc = 14.5%,
T=1260°C, t = 20min.
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particles of 196u.m (180-212u.m) and 98u.m (90-106u.m), respectively,
were used, the open pore structure w a s more uniform (Figs.7.8 and
7.9). Further decrease of limestone particle size did not change the
pore structure (Fig.7.10), as the pore structure w a s probably already at
its highest possible state of uniformity.

7.4 Achievement of an open pore structure in a binary-size iron ore
particle system

7.4.1 Characteristics of pore formation in a binary-size iron ore
particle system

The samples were made from 85.5% iron ore and 14.5%
limestone, with initial porosities in the range of 34.88% to 36.93%. The
iron ore particles were a mixture of two sizes, viz. 855^im and 188jim,
and the proportions of the two sizes were varied. The size of the
limestone particles w a s 64u.m (53-75u.m). Sintering temperature and
time were 1280°C and 7 minutes, respectively. A linear dimensional
swelling of 3.21% to 5.51% occurred during sintering.

In the following treatment, the letters S and L denote small
(188u.m) and large (855u.m) iron ore particles, respectively. Y S + (100Y)L means that in the iron ore mixture the proportions of small and large
sizes were Y % and (100-Y)%, respectively. Voids refer to the voids
between iron ore particles. A low magnification had to be used when
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taking the photographs in order to show the whole structures due to the
presence of the large iron ore particles and large pores in s o m e
samples. But at this low magnification, the limestone particles can not
be seen clearly, so a higher magnification w a s also used to show the
limestone particles.

With 100S, there was at least one limestone particle in almost
every void between iron ore particles in the raw sample (Fig.7.11(a))
(this sample w a s very much the s a m e as that in Fig.7.5(a), except that
the porosity w a s slightly different) and an open and uniform pore
structure w a s formed after sintering (Fig.7.11 (b)).

With 80S + 20L, there were limestone particles in all the voids
between iron ore particles including large and small particles,
(Fig.7.12(a)). After sintering all these voids b e c a m e open pores
(Fig.7.12(b)).

With 50S + 50L, it can be seen clearly that the number of iron ore
particles in each void w a s greater (Fig.7.13(a)) and all these voids
became open pores after sintering (Fig.7.13(b)). The dissolution of
small iron ore particles appeared to be more extensive than in 80S +
20L and 100S, with more iron ore particles being converted to C F
completely.

With 20S + 80L, there were further additional limestone particles in
each void (Fig.7.14(a)). After sintering, almost all the small iron ore
particles disappeared (i.e. melted and flowed away) and pores were

(a-1)

(a-2)

Fig.7.11(a)

(b)
Fig.7.11.

Structures of the sample (100S) before (a-1, a-2) and after
(b) sintering.
(a-1) x16.3; (a-2) x41; (b) x16.3.
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Fig.7.12(a)

(b)

Fig.7.12.

Structures of the sample (80S+20L) before (a-1, a-2) and
after (b) sintering,
(a-1) x16.3; (a-2) x41; (b) x16.3.

(a-1)

(a-2)

Fig.7.13(a)

(b)

Fig.7.13.

Structures of the sample(50S+50L) before (a-1, a-2) and
after (b) sintering.
(a-1) X16.3; (a-2) x41; (b) x16.3.
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formed in between all the large iron ore particles (Fig.7.14(b)), as if only
the large iron ore particles had been used, in fact, the pore structure
w a s very m u c h similar to that when the proportion of the large iron ore
particles w a s 1 0 0 % (Fig.7.15(b)).

The reasons for the above results are most probably as follows.

With the amount and particle size of limestone being constant, the
number of limestone particles in each void depends on the number of
voids, which in turn depends only on the particle size of iron ore if both
a and p are constant. T h e larger the iron ore particle size, the more
limestone particles there are in each void, as the total number of voids
is smaller. This is obvious w h e n mono-size iron particles were used, as
shown in Figs.7.11(a) and 7.15(a). In the binary-size iron ore particle
system, with

increasing proportion of large iron ore particles, the

number of limestone particles in each void increases for the s a m e
reason, as shown in the schematic diagram in Fig.7.16.

The point here is that with increasing proportion of large iron ore
particles, the number of limestone particles surrounding a small iron ore
particle is increased. This m e a n s that the number of limestone particles
which are more likely to react with a small iron ore particle is increased.
In other words, the local content of limestone a m o n g small iron ore
particles is increased, becoming higher and higher than the average
content. In this sense, it is more difficult to have a uniform dispersion of
limestone particles in a binary and more generally in a multi-size iron
ore particle system than in a mono-size iron ore particle system.

(a-2)

Fig.7.14(a)

(b)

Fig.7.14.

Structures of the sample(20S+80L) before (a-1, a-2) and
after (b) sintering.
(a-1) X16.3; (a-2) x41; (b) x16.3.

7T. Zii,

(a-1)

Fig.7.15(a)

(b)

Fig.7.15.

Structures of the sampIe(IOOL) before (a-1, a-2) and after
(b) sintering.
(a-1) x16.3; (a-2) x41; (b) x16.3.

Limestone
1

Iron ore

CD*®,©©
®*® # @©
(a)

(c)

Fig.7.16.

(b)

(d)

Schematic diagram showing the effect of the proportions of
large and small iron ore particles on the dispersion of
limestone particles.
The size ratio of the large and small iron ore particles is
approximately 2.52, i.e. one large iron ore particle is equal
to
16 small (b)50S+50L;
ones in volume.
(a)100S;
(c) 20S+80L; (d) 1 0 0 L
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According to the results in Section 4.3, the larger the amount of
limestone, the greater w a s the dissolution of iron ore particles, and with
limestone content being higher than a certain level, the iron ore
particles could become liquid phase completely and flow away.

It may be easily understood that the size ratio of the large and
small iron ore particles could have an influence on the behaviour of
pore formation. The larger the size ratio, the stronger is the effect on the
number of voids of varying the proportions of large and small particles
and, therefore, the increase of the local content of limestone among the
small iron ore particles will be more rapid with increasing proportions of
large iron ore particles and the small iron ore particles will consequently
be more likely to be melted first. O n the other hand, the smaller the size
ratio, the smaller the effect on pore formation would be of varying the
proportions of the two particle sizes. In the extreme, if the size ratio is
close to unity, the above effect would be, of course, nearly zero and in
this case the binary-size system m a y be simply treated as a mono-size
system and shall not be further referred in the following Sections.

7.4.2 Achievement of an open pore structure

There are three cases to be considered so as to achieve an open
pore structure in a binary-size iron ore particle system.

(1) None of the small iron ore particles is melted, as for example
w h e n the proportion of the large iron ore particles is very small.
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The idea of achieving open pore structure in the binary size
system considered is then exactly the s a m e as that with monosize iron ore particles.

Let NVL, Nvs and Nvm be the numbers of voids in 100L.100S
and the mixture of L and S, respectively, and D C L , D c s and D c m be
the sizes of limestone particles at which an open pore structure is
formed in 100L, 100S and the mixture of L and S, respectively, for
the s a m e amount of limestone. D C L and D c s could both be
calculated from eqn. (7-4).

As discussed above, NVL < Nvm < Nvs
therefore, DCL > Dcm > Dcs.
i.e. the limestone particle size required for achieving open pore
structure, D c m , is somewhere between that when 100L is used
and that when 100S is used. The exact value of D c m depends on
the proportions of the large and small iron ore particles and could
be determined by experiments. It could also be calculated if the
void number could be calculated. An easier way is to let D c = D c s ,
i.e. let the limestone particle size be the s a m e as the size at which
open pore structure is formed when 1 0 0 % small iron ore particles
are used, though this m a y mean an extra cost in practice as D c s is
somewhat smaller than required.

All the small iron ore particles are melted and flow away. This
usually occurs with very high proportion of large particles, as
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shown in Section 7.4.1. The pore structure in this case is very
much similar to that when 1 0 0 % large iron ore particles are used.
To be precise, D c probably should be calculated from eqn.(7-5),
as if the small iron ore particles were ignored,

DC=D

Xc
\op7(1-Xc)(1-Y%) p c

(7-5)

where D { is the size of the large iron ore particles,
I

/ 100 \3
i.e. D c m a y be larger than D C

L

by a factor of \IOO-Y) . as the large

iron ore particles are (100-Y)% of the total iron ore. But as this
case usually occurs w h e n the proportion of the large iron ore
particles is very high, it might be acceptable to let D c = D C L , i.e. let
the limestone particle size be the s a m e as the size at which open
pore structure is formed when 1 0 0 % large iron ore particles are
used.

(3) Part of the small iron ore particles are melted. This case is
between case 1 and case 2, so D c m

is also in between

the D c m in case 1 and the D c m in case 2. Its exact value depends
on h o w much of the small iron ore particles is melted.

The results and analysis above show that an open pore structure
can be achieved in a binary-size iron ore particle system in the same
way as for a mono-size iron ore particle system, i.e. by changing the
amount and particle size of limestone. For a given amount of limestone,
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the required limestone particle size may be determined by experiments
and m a y also be calculated provided that the number of voids between
iron ore particles, and, whether and h o w much of the small iron ore
particles are melted and flow away can be predicted, which should be
possible with further experimental work.

It should be pointed out that in the binary iron ore particle system,
when the small iron ore particles were completely melted and flowed
away, then not every void between iron ore particles became a single
pore, instead a number of them jointly became one large pore, this
meant the surface area would be lower than that when no iron ore
particles were completely melted and flowed away.

7.5 Achievement of an open pore structure in a multi-size iron ore
particle system

According to the results shown so far, the fundamentally important
c o m m o n characteristics of pore formation in mono-size, binary-size and
multi-size iron ore particle systems when limestone is added are that
pores are formed at the sites of limestone particles and that the smaller
the size of limestone particle the smaller the size of such pores and the
more uniform and more open the pore structure becomes.

As shown in Section 7.4, an open pore structure can be achieved
in a binary-size iron ore particle system based on the s a m e idea or
principle as that for a mono-size iron ore particle system, though pore
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formation behaviour differed when the proportions of the large and the
small iron ore particles changed. The foregoing results and discussions
m a y well be extended to a multi-size iron ore particle system. In a binary
iron ore particle system, the behaviour of pore formation varied at
different proportions of the large and the small iron ore particles.
Similarly, in multi-size iron ore particle systems, by analogy, the
behaviour of pore formation would be expected to vary with the size
distribution of iron ore particles for reasons similar to those for the
binary system given in Section 7.4.1. For example, in s o m e cases non
of the iron ore particles would be melted and flow away; in s o m e cases
s o m e iron ore particles where local limestone content is high might be
all melted and flow away, similar to what w a s found in sinter (pot tests)
in Chapter 6.

Compared with mono-size and binary-size iron ore particle
systems, the overall pore formation process in a multi-size iron ore
particle system could be much more complicated when the particle size
range is very wide as the dispersion of limestone particles could then
be very non-uniform. If a large amount of liquid phase is formed in s o m e
area due to high local amount of limestone, the pores which otherwise
would be formed in this area m a y be either blocked or lost completely or
m a d e into a single large pore and when the liquid flows around, it
could fill and block a notable number of other pores which otherwise
might be open. If this is the case, then only a close to open pore
structure m a y be achieved. If this is not the case, then an open pore
structure should be achieved in similar ways as for mono-size and
binary-size iron ore particle systems. For any given iron ore particle
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size, it would just be a matter of determining the proper amount and
particle size of limestone, or determining the required limestone particle
size w h e n its amount is given for achieving an open or close to open
pore structure, which could be done experimentally.

Furthermore, with sufficient experiments, it should be possible to
develop a mathematical model to predict h o w to achieve an open or
close to open pore structure for any given iron ore particle size. Such a
model would require:

a) being able to predict or calculate the dispersion states of iron ore
and limestone particles, the number of voids and the local content
of limestone;

b) establishing a quantitative relation between the amount of liquid
and temperature and the amount of limestone, so being able to set
the limit of temperature and the amount of limestone below which
iron ore particles will not be melted completely and able to predict
whether, where and h o w much iron ore particles m a y be melted
and flow away.

It could be considered that such a model, which would surely
require a great effort to develop, would be useful both theoretically and
practically.

7.6 Achievement of an open pore structure in real sinter and pellets
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The iron ores for pelletizing and sintering in industry are mixtures of
particles of m a n y sizes. A s the fundamental mechanisms of pore
formation in real pellets and sinter are the s a m e as in the tablets then, in
principle, it should be possible to achieve an open or close to open
pore structure in these systems in similar ways as discussed above. If
limestone is the only additive, as in fluxed pellets in s o m e places, then
an open or close to open pore structure could be achieved just by
controlling temperature and using proper amount and particle size of
limestone which could be determined experimentally, as pointed out
earlier. If other additives, in particular those at the sites of which pores
could be formed like coke, are also used , as they are in most cases,
their amounts and particle sizes should also be determined by
experiments before a mathematical model is developed. A s mentioned
in Section 7.5, if the size range of iron ore particles is very wide, it is
only possible to achieve a close to open pore structure. A s the results
on pore formation in sinter (Chapter 6) show, it does not seem to be
difficult to m a k e all the large pores in sinter open, but it m a y not be as
easy to m a k e all the small pores in sinter open. S o m e effort m a y be
worthwhile to find ways to m a k e the small pores open so as to make
the whole pore structure closer to a real open pore structure.

The following points should also be considered.

(i) As pointed out in Section 7.3, to ensure that an open pore
structure be achieved, the liquid amount should not be too large.
This m e a n s that not only the temperature should not be too high
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and the amount of limestone should not be too large, but also the
gangue (Si02, A ^ e t c . ) content should not be too high either.

Though it is not difficult to make all the large pores in sinter
open, efforts still should be m a d e to prevent the formation of the
very large pores, i.e. to decrease the size of such pores so the
number of such pores will be increased and therefore the surface
area will be increased. O n e effective way is to use fine limestone
and fine coke particles, as the results in Chapter 6 show.

Also, when some iron ore particles are completely melted
and flow away, there will be a loss in surface area for reasons
given in Section 7.5, it might be important to minimize the amount
of such melted iron ore particles, for example, by increasing the
proportions of the relatively small iron ore particles which are likely
to be melted, or by decreasing the range of the size distribution.

The raw materials should be mixed as uniformly as possible,
i.e. segregation should be minimized,

to prevent high local

contents of limestone and other additives as otherwise large local
amount of liquid would be formed and cause a loss in surface
area, similar to that in (ii).

Coke particle size has a dual effect on pore formation. Firstly,
the number and the size of the pores formed at the sites of coke
particles depend on the coke particle size; Secondly, coke particle
size has an effect on its combustion behaviour and therefore on
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the temperature profile (temperature would be higher around coke
particles) which in turn would have an effect on pore formation.
Both effects would s e e m to m a k e one suggest that the finer the
coke particle size, the more uniform and more open the pore
structure is likely to be.

(v) The principle and the method of achieving an open pore
structure in iron ore sinter and pellets have been discussed above.
In practice the overall significance (benefit) of achieving an open
pore structure would, of course, have to be considered.
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CHAPTER 8.
EFFECT OF PORE STRUCTURE ON PROPERTIES

The object and the most important part of any research work is
h o w the n e w findings can be applied in industry. A s pointed out in
Section 1.4, the ultimate purpose of the study on the pores in iron ore
sinter and pellets is to find out the optimum pore structure for high
quality. With the fundamental mechanism of the pore formation process
having been found, it is n o w possible to consider this.

The most important properties of iron ore pellets and sinter are
reducibility, strength, reduction degradation index

and high

temperature properties. S o far, s o m e initial work has been done on the
effect of pore structure on reducibility and strength.

8.1 Effect of porosity and limestone particle size on reducibility

As both porosity and limestone particle size have a significant
influence on the pore structure (Sections 4.1 and 4.4), their influence on
reducibility has been investigated first and based on the results, the
effect of pore structure on reducibility has been analyzed. T w o sets of
experiments were conducted. The samples (tablets) used for the first
set were m a d e from 8 5 . 5 % iron ore (188u.m) and 14.5% limestone (five
different sizes respectively) (the sample weight w a s 3.25g), with three
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samples of different porosities being made for each limestone particle
size, and sintered at 1280°C for 7 minutes. The samples (tablets) for
the second set were m a d e from 8 5 . 5 % iron ore (855u.m) and 14.5%
limestone (nine different sizes respectively) (the sample weight w a s
3.25g), also with three samples of different porosities being m a d e for
each limestone particle size, and sintered at 1265°C for 20 minutes.
The conditions and procedure of the reduction tests are given in
Chapter 2.

The reduction curves of the fifteen samples in the first set of
experiments are shown in Figs. 8.1-8.5. As the reduction curves of the
three samples of different sample sizes m a d e from limestone of
75-125u.m are too close to each other, they are shown in Fig.8.4(a),
Fig.8.4(b) and Fig.8.4(c), respectively. For the s a m e

reason, the

reduction curves of the three samples m a d e from limestone of
11-16u.m are shown

in Fig.8.5(a), Fig.8.5(b) and Fig.8.5(c),

respectively. To have a better understanding of the effects on the
reducibility of both limestone particle size and the porosity (sample size)
in the whole range of these two variables investigated, the reduction
degrees at 20 minutes of all the samples of different limestone particle
sizes are plotted versus the sample size, as shown in Fig.8.6(a). The
reduction curves of the samples in the second set of experiments had
very similar shapes to those of the samples in the first

set of

experiments, so only their reduction degrees at 20 minutes are shown
in Fig.8.7(a) in the s a m e way as for the first set. In order to separate
s o m e of the data points in Fig.8.7(a) which would otherwise be too
close to each other, the scales of X axis and Y axis in Fig.8.7(a) were
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Reduction curves of the sintered samples.
Df=125-250u.m, D c =1.4-1.68mm, T=1280°C, t =7 min.
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Reduction curves of the sintered samples.
D f =125-250um, D c =0.71-1 .Omm, T=1280°C, t =7 min.
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Reduction curves of the sintered samples.
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100

CD
CD
CT>
CD
X5

O
CD

rx

, mm
(a)

uu

Reduction temperature: 900°C
80

CD
CD

60

CD

O
=3
"O
CD

40

;*

Vs, cm 3

DC

20

•

/•

.

1

•

20

10

Time, min
(b)
Fig.8.4

1.264

30

100

Time, min
(c)
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Reduction curves of the sintered samples.
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made to be larger than those in Fig.8.6(a), but retaining the
proportionality. A s all the samples had s a m e sample weight, the
difference in the sample size should represent the difference in porosity.

It has been well understood [37,38] that the reducibility of iron ore
sinter and pellets is dependent on the diffusibility, surface area and
surface reaction rate. The surface reaction rate is actually the chemical
property of the material, or the intrinsic reducibility of the mineral part,
and is determined by the mineralogy. The diffusibility and surface area
are the physical properties of the material and are determined by the
pore structure.

8.1.1 Effect of limestone particle size on reducibility

It was found that there were some differences in mineralogy
between samples m a d e from different particle size limestone. O n e
obvious difference w a s that when large limestone particles were used,
large columnar C F w a s formed and when small limestone particles
were used, needle C F w a s formed, as shown in Section 4.1.1. It was
claimed in the literature [23] that the columnar CF, which w a s usually
formed at high temperature (>1300°C), had lower reducibility than the
needle C F , which w a s usually formed at low temperature (<1300°C).
The effect on the reducibility of the difference in C F morphology caused
by limestone particle size found in the present work, as far as is known,
is not yet clear. The fact that the dispersion of liquid w a s more uniform
when smaller limestone particles were used (Section 4.1.1) might also
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Here only the possible

contribution of pore structure to the effect of limestone particle size on
the reducibility will be discussed in the following.

By plotting the reduction degree versus the limestone particle size
(D c ) at a given sample size (Vs), according to the data in Fig.8.6(a) and
Fig.8.7(a), Fig.8.6(b) and Fig.8.7(b) were obtained, respectively. These
results show that with decreasing limestone particle size, the reduction
degree increased to a m a x i m u m value, then it decreased slightly. The
results (Fig.8.6(a) and Fig.8.7(a)) also show that the effect of limestone
particle size on the reduction degree was more significant at relatively
lower porosity, the reason for this will be discussed later in Section
8.1.2. Here w e shall discuss the effect of limestone particle size on
reduction degree in the case of a low porosity in the range investigated.
To understand the reason for this effect, additional tests were done to
investigate the reduction processes of s o m e of these samples by
reducing each of them to different degrees and examining the
microstructures. The reduction test conditions were the same as for the
above two sets of experiments and are given in Chapter 2. W h e n the
reduction degree of a sample reached a certain value , C O w a s
replaced by N2 to terminate the reduction process and at the s a m e time
the furnace w a s turned off and the sample w a s moved out of the hot
zone and cooled d o w n in N2 to room temperature. The sample w a s
then impregnated and polished for examination on microscope.

It was found that in the samples which had a structure far removed
from open pore structure, i.e. the samples m a d e from large limestone
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particles at a low porosity, the reduction reaction at the beginning took
place only on the exterior surface (Fig.8.8(a)) and on the wall surfaces
of most of the pores formed at sites of limestone particles (Fig.8.8(b))
and then gradually proceeded through the mineral walls on the exterior
surface and between such pores, suggesting that most of the Type 1
pores (formed at sites of limestone particles) were open and almost all
the Type 2 pores (unfilled and partially filled voids between iron ore
particles) were not open.

In the samples having an open pore structure, or a structure close
to open pore structure, reaction took place on the surfaces of individual
iron ore particles everywhere throughout the sample, even at very early
stage, as shown in Fig.8.9, though reaction still occurred to a higher
degree near the exterior surface.

Therefore the increase of reducibility with decreasing limestone
particle size might be due to the improved pore structure, or the
increase in surface area and decrease in diffusion resistance through
the mineral part as explained below.

a) Increase in surface area.

As pointed out above, most of the Type 1 pores in the
samples investigated appeared to be open and nearly all the
Type 2 pores seemed to be not open. With decreasing limestone
particle size, the size of Type 1 pores decreased but its number
increased and the number of Type 2 pores decreased (Section

'
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•
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Reduction layer(Fe304) at the exterior surface of the
sample (a) and the vicinity of a pore formed at the site of a
limestone particle. x151.
The sample:
Df=125-250um, D c =1.4-1.68mm, T =1280°C, t =7min.
Reduction temperature=900°C, Reduction degree=16%.

In the photographs in Figs.8.8 and 8.9:
Fe 2 03: white; Fe 3 0 4 ( reduced): grey; CF: green;
Pores: black (the pores which were filled by resin also
appear black)

fm
%

^

ir/j
*

Fig.8.9(a)

(b)

Fig.8.9.

Reduction took place everywhere throughout the sample
with a close to open pore structure. x151.
(a) at the exterior surface; (b) at the centre.
The sample:
Df=125-250u.m, D c =75-125u.m, T =1280°C, t =7min.
Reduction temperature=900°C, Reduction degree=6.8%.
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4.2). Therefore the total surface area available for reaction would
be higher. A s the number of limestone particles increased, the
chance of the Type 1 pores being open w a s higher (Section 7.2)
and this w a s an additional factor which would m a k e the surface
area available for reaction higher. The surface area would be the
highest when an open pore structure was formed.

b

) Decrease in diffusion resistance through the mineral part

As the reduction process of the mineral walls on the exterior
surface and between the Type 1 pores w a s like that given by the
shrinking core model, with decreasing the wall thickness, the
through diffusion resistance w a s decreased according to the
theory of shrinking core model [38]. The smaller the limestone
particle size, the thinner were the mineral walls and therefore the
smaller w a s the diffusion resistance through the mineral part until
an open pore structure w a s achieved. In a mono-size iron ore
particle system, as in the present case, when an open pore
structure w a s formed the thickness of the mineral walls between
the open pores w a s equal to the size (diameter) of the iron ore
particles with liquid phase layer on their surfaces and were the
thinnest possible for the given iron ore particles.

One might expect that the trend of increase of reduction degree
with decreasing limestone particle size would continue until an open
pore structure w a s formed and then maintain unchanged. However, the
results In Figs.8.6(b) and 8.7(b)) show that the reduction degree started
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decreasing with further decreasing limestone particle size after
reaching a m a x i m u m value. The limestone particle size at which the
reduction degree reached its m a x i m u m value

w a s about 100u.m

(75-125u.m) when iron ore particles of 188u.m were used (Fig.8.6(b)).
A s shown in Section 7.3.2, at such a limestone particle size, the pore
structure w a s close to the open pore structure. The limestone particle
size at which the reduction degree reached its m a x i m u m value was
about 275u.m (250-300u.m) or 390u.m (355-425um) when iron ore
particles of 855u.m were used (Fig.8.7(b)). Again, at such limestone
particle sizes, an open or close to open pore structure w a s achieved
(Section 7.3.2). The exact reason for this behaviour has not been found
yet due to the fact that the decrease was not large.

8.1.2 Effect of porosity on reducibility

As shown in Figs.8.6(a) and 8.7(a), the reduction degree
increased with increasing porosity. It is obvious in Fig.8.6(a) that the
rate of increase of reducibility with porosity was higher for the samples
m a d e from coarser limestone particles. The reasons for this were
probably as follows.

As shown earlier (Section 8.1.1), at low porosity, the surfaces of
the iron ore particles within the mineral walls between pores formed at
sites of limestone particles were not available for reaction, because
most of the Type 2 pores were not open. By increasing the porosity, the
voids between iron ore particles were filled to a lesser extent and
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therefore the Type 2 pores tended to be more and more open (Section
4.4). Also the chance for Type 1 pores being open m a y be even higher.
A s a result, the total surface area available for reaction would be
increased and the diffusion resistance through the mineral walls would
be decreased, therefore the reduction degree w a s increased. The
coarser the limestone particles, the higher w a s the proportion of the
unavailable surface of iron ore particles, thus increasing porosity had
more effect on increasing the surface area when coarser limestone
particles were used and therefore reduction degree increased more
quickly.

With an open or close to open pore structure, increasing porosity
would not have much effect on the diffusion resistance through the
mineral walls, as n o w the mineral walls (or most of them) were
individual iron ore particles (with C F present). The total surface area
might increase slightly by decreasing the contacting area between iron
ore particles. The sizes of the pores (Type 1-2) were increased with
porosity, making the transport of gas through them easier. This latter
effect could be substantial when the sizes of these pores are extremely
small and transport of gas through them is very difficult, but this did not
seem to be the case for the samples investigated, as transport of gas
through the pores seemed to be already quite easy, even at the lowest
porosity in the experimental range involved. Therefore, the reduction
degree increased only slightly with porosity.

The above discussion might suggest that the magnitude of the
effect of porosity on reducibility depends on the pore structure. The
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worse the pore structure, the greater was the effect, or the better the
pore structure, the smaller w a s the effect.

The results in Fig.8.7(a) (second set of experiments) show that the
effect of porosity on the reducibilities of all the samples m a d e from iron
ore of 855|im were all small compared with that for the samples m a d e
from iron ore of 188u.m in the first set of experiments (Fig.8.6(a)). This
w a s probably because they all had relatively good pore structure. The
pore structure of the sample m a d e from the largest limestone particles
(D c = 1.40-1.68mm) in the second set w a s nearly as close to the open
pore structure as that of the sample m a d e from limestone of 355-500u.m
in the first set of experiments. This might m e a n that the effect of porosity
on reducibilities of all the samples in the second set of experiments
should be smaller than that of the sample m a d e from limestone of
355-500u.m in the first set of experiments. The relatively higher
porosities of the samples in the second set compared with those in the
first set might also have contributed to the smaller effect of porosity in
the second set.

Fig.8.6(a) clearly shows that the magnitude of the effect of
limestone particle size on reduction degree strongly depended on
porosity. The lower the porosity, the greater w a s the effect. This was
probably because again the pore structure w a s improved with
increasing porosity, so the effect of limestone particles size on surface
area and diffusion resistance was smaller. If one imagines the situation
at which the porosity is extremely high so that all the interparticle voids
will become open pores after sintering, no matter what the limestone
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particle size is, then of course limestone particle size would not have
much effect on reduction degree.

For similar reasons as above, the effect of limestone particle size
on the reduction degree w a s smaller in the second set of experiments
than that in the first set of experiments.

8.2

The strength tests

Some efforts have been made to investigate the influence of
various parameters, in particular, porosity and limestone particle size,
on strength. The so-called Brazilian test [72] w a s used to measure the
tensile strength. The samples (tablets) were compressed across a
diameter between two flat surfaces (platens) on a strength test machine.

This method requires a good contact between the sample and the
platens

ideally it should be a line contact. Without good contact

between the sample and the platens, it is not possible to measure the
true strength with this method, only tentative results m a y possibly be
obtained with a large number of tests for each sample and it m a y be
difficult to detect small differences in strength between samples. This
requirement w a s a problem in the present work. The samples tested
were m a d e from 8 5 . 5 % iron ore (188u.m and 855u.m, respectively) and
14.5% limestone (various sizes), and sintered at 1280°C for 7 minutes.
A s the samples underwent s o m e deformation, though not severely,
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during sintering, the sample surfaces became not very flat and therefore
the contact between the sample and the platens w a s not as good as
required. Because of this problem, the scatter of the data from the
strength tests w a s very large and, unfortunately, no satisfactory results
have been obtained. Further work should be done in future to obtain
accurate results. A few suggestions m a y be given for future strength
tests.

(1) In order to obtain convincing results with the above method,
the contact between the sample and the platens must be
satisfactory. The contact m a y be improved by minimizing the
deformation of the sample during sintering under appropriate
conditions. For example, very fine iron ore particles (say finer than
100 urn) m a y need to be used as it w a s found that the finer the
iron ore particles the less the deformation which occurred during
sintering; the temperature should be lower than a certain level as
it w a s found that the higher the temperature the more severe was
the deformation; low porosities would need to be used as it w a s
found that the lower the porosity the less w a s the deformation, etc.
This unfortunately would make the results of limited value.

(2) As it may be very difficult to achieve perfect contact between
the sample and the platens, plus the fact that the structures of iron
ore pellets and sinter are not homogeneous, s o m e extent of
scattering of the measured data is inevitable. Therefore it m a y still
be necessary to do a large number of tests for each sample so

Chapter 8 Effect of Pore Structure on Properties

8-12

that the average values might indicate the effective trend of a
parameter.

Alternative methods of strength test may be used. The
following are s o m e examples.

(a) Instead of being compressed diametrically (as above),
the sample (cylinder) m a y be compressed uniaxially to
measure compression strength. The contact between the
sample and the platens is surface contact and some ductile
materials may be used to improve the contact to some extent
[72]. Due to its simplicity, this method probably should be
tried first.

(b) An interesting method has been developed to measure
the fracture toughness of brittle materials such as coal and
glasses etc.[73, 74]. The method

is very similar to the

Brazilian test but the sample is prepared to have a groove
along the loaded diameter, so fracture always occurs along
the loaded diameter. The bearing surface m a y be flattened
and a rubber sheath m a y be used to improve the contact
between the platens and the sample. A possible problem
associated with this method is whether or not the sintered
tablets m a d e from iron ore and limestone would be too brittle
to be machined.
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(c) Compared with the above methods, three-point bending
test [72] has a particular advantage as the flatness of the
sample surface is not as important as for other methods. This
method has been used to measure the strength of hematite
iron ore compacts by other researchers [65].

8.3 Possibility of achieving high reducibility and high strength
simultaneously

For high productivity and smooth operation of a blast furnace, it is
always desirable for iron ore sinter and pellets to have high reducibility
and high strength simultaneously. But this has always been difficult due
to the fact that porosity usually plays opposite roles on reducibility and
strength of iron ore sinter and pellets. This problem would be better
addressed w h e n sufficient strength test results are obtained with a
proper method, but the possibility m a y be discussed indicatively now
based on the results obtained so far.

Microscopic examinations showed that there were much more
cracks in the samples m a d e from large limestone particles than in the
samples m a d e from fine limestone particles (i.e. the samples with an
open or close to open and uniform pore structures).

These cracks

probably formed during cooling and were caused by uneven stress.
With decreasing limestone particle size both the pore structure and the
dispersion of the minerals were more uniform, so it w a s probably less
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likely to have uneven stress during cooling and therefore cracking was
less likely to occur. The cracks would, of course, be detrimental to
strength. This result is an evidence which would be favourable for the
suggestion that the strength of the samples might be improved by
decreasing limestone particle size and in particular, the strength of the
samples with an open(or close to open) and uniform pore structures
might be higher than the samples m a d e from large limestone particles.

It shall be assumed for the moment that the strength of the sample
would not decrease, at the least, with decreasing limestone particle
size.

According to the results in Figs. 8.6 and 8.7, for the samples made
from large limestone particles, to have high reducibility, porosity must
be high and therefore the strength would have to be compromised
significantly. For the samples m a d e from fine limestone particles,
reasonably high reducibility could still be achieved at low porosity due
to the open pore structure, so high strength could be maintained. In fact,
as shown in Fig,8.6(a), to increase the reduction degree of the sample
m a d e from limestone of 355-500u.m from 63.4% to 71.8%, the sample
size had to be increased from 1.26cm 3 to 1.66cm3, or alternatively a
reduction degree of 70.9%, which was only slightly lower than 71.9%,
could be achieved by using limestone particle of 75-125uxn at a sample
size of 1.17cm 3 (which was smaller than 1.26cm3, i.e. the porosity was
actually lower), However, the strength of the sample m a d e from
limestone of 355-500u.m with a sample size of 1.66cm 3 w a s absolutely
lower than that of the sample m a d e from limestone of 75-125um with a
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sample size of 1,17cm3 it was so apparent that the former sample
could be broken easily even by hand due to its high porosity, while the
latter sample w a s strong enough to sustain a striking by a hammer.
Therefore high reducibility and high strength might be achieved
simultaneously by making product with an open or close to open pore
structure at low porosity.

It should be made clear that when fine limestone particles were
used (an open or close to open pore structure w a s formed), reduction
degree still increased with porosity , though slightly, and that there is a
limit to the temperature and the amount of limestone in order to maintain
an open pore structure (Chapter 7), so it seems to be very difficult to
achieve the highest reducibility and the highest strength simultaneously
and it m a y only be possible to achieve relatively high reducibility and
high strength.

In summary, the conclusion would be that if the strength did not
decrease with decreasing limestone particle size, it should be possible
to achieve high reducibility and high strength simultaneously by making
product with an open or close to open pore structure at low porosity.
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CHAPTER 9.
CONCLUSIONS AND RECOMMENDATIONS

9.1 Conclusions

The results of the present study have shown that:

1. The fundamental pore formation mechanisms in iron ore
sinter and pellets are:

(a) Pores are formed at the sites of limestone particles.
Limestone particles react with iron ore particles to form low
melting point compounds which are melted at elevated
temperature and the liquid phase then flows away
immediately due to surface tension or / and capillary force.
W h e n the limestone particles are consumed completely,
pores are thus formed behind.

(b) When the liquid phase flows, it fills completely or
partially the voids between iron ore particles around and
some inner pores of iron ore particles.

(c) Pores are formed at the sites of coke particles when they
burn off.
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(d)
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W h e n multi-size iron ore particles are used, as in
industry, s o m e of the relatively small iron ore particles m a y
be melted completely due to high local content of limestone
or / and coke and then flow away.

(e) It is very unlikely that the air flow through the sintering
bed would cause any pores to form in sinter.

(f) Coalescence of pores, in particular the Type 3 pores,
occurs during sintering.

2. The main types of pores in iron ore sinter and pellets in terms
of their origins are:

Type 1. Pores formed at sites of limestone particles.

Type 2. Unfilled or partially filled voids between iron ore
particles.

Type 3. Unfilled or partially filled inner pores of iron ore
particles.

Type 4. Pores formed at sites of coke particles.

Type 5. Pores which might be formed at sites of other additives.
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Pores formed w h e n iron ore particles between
limestone particles or /and coke particles are completely
melted and flow away.

3. In acid pellets made from iron ore only, the pores are mainly
from the voids between iron ore particles.

4. A number of factors could have a significant influence on the
pore formation and the final pore structure in the product, such as,
particle sizes of iron ore, limestone, coke and possibly other raw
materials involved, amount of limestone, initial porosity,
temperature, and so forth, and therefore could be used as effective
m e a n s to change or to improve the pore structure. Uniform mixing
of the raw materials m a y also be important to improve the pore
structure.

5. An open or close to open pore structure (excluding Type 3
pores) m a y be achieved in iron ore sinter and pellets by controlling
the temperature and using proper amounts and particle sizes of
limestone, coke and probably other additives, which could be
determined experimentally and might be predicted after further
work.

6. The reducibility may be improved by decreasing limestone
particle size till an open or close to open pore structure is
achieved. T h e reducibility m a y also be improved by increasing
porosity. The magnitude of the effect of limestone particle size on
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reducibility is greater at lower porosity. The magnitude of the effect
of porosity is greater w h e n limestone particle size is larger, and
w h e n limestone particle size is smaller than a value at which an
open or close to open pore structure m a y be achieved even at low
porosity, the effect of porosity on reducibility becomes insignificant.
The optimum pore structure for high reducibility would be an open
or close to open pore structure.

7. It might be possible to achieve high strength and high
reducibility simultaneously by producing a product with an open or
close to open pore structure at low porosity.

9.2 Recommendations for future work

With the fundamental mechanisms of pore formation having been
found and the strong effect of pore structure on property having been
proved, it is n o w possible, and important, to investigate and analyze
more rationally the effects on property of all the factors involved in iron
ore sintering and pelletizing which could have an influence on pore
structure, such as ore type, basicity, amount of limestone, particle sizes
of raw materials, initial porosity, size distribution of the voids, sintering
temperature and time, etc. over wide ranges.

The present investigation is mainly qualitative, as it is the first step
in the study, and it is considered important to build a quantitative
relation between the pore structure and various processing factors over
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wide ranges. Clearly, more work should then be done on the effect of
pore structure on strength, reducibility, reduction degradation, etc.

The ultimate objective would be establishment of the optimum
pore structure for high quality iron ore sinter and pellets.
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